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Free-living amoebae (FLA) are protists of ubiquitous distribution characterised by their 
changing morphology and their crawling movements. They have no common 
phylogenetic origin but can be found in most protist evolutionary branches. 
Acanthamoeba is a common FLA that can be found worldwide and is capable of 
infecting humans. The main disease is a life altering infection of the cornea named 
Acanthamoeba keratitis. Additionally, Acanthamoeba has a close relationship to 
bacteria. Acanthamoeba feeds on bacteria. At the same time, some bacteria have 
adapted to survive inside Acanthamoeba and use it as transport or protection to 
increase survival. When conditions are adverse, Acanthamoeba is capable of 
differentiating into a protective cyst. This study had three objectives. First, isolate and 
identify new FLA and Acanthamoeba strains. Second, identify encystation factors of 
Acanthamoeba. Third, identify and characterise new potential antimicrobial proteins 
produced by Acanthamoeba. The isolation of environmental amoebae was 
performed, and several strains of Acanthamoeba were identified from previously 
known genotypes. Also, two new species of FLA were identified: Allovahlkampfia 
minuta and Leptomyxa valladaresi. The dynamics of encystment were studied in 
different strains of Acanthamoeba. RNAseq was used to study gene expression 
during differentiation and identify differentially expressed genes. We identified 
different encystment factors including at least two encystment related proteases. A 
new antimicrobial zymogram was developed that identified antimicrobial proteins 
being secreted by Acanthamoeba. A 33 kDa protease was found to be able to lyse 
bacteria. We created DNA constructs encoding the protease and a lysozyme from 
Acanthamoeba for heterologous expression. The genes were successfully cloned. 
However, bacteria were not able to produce the proteins most probably due to their 
antimicrobial characteristics.  Further studies are required regarding encystment and 
antimicrobial factors identified. Such experiments should help elucidate critical factors 
of Acanthamoeba’s biology that could help treat several infections.  
 
Lay summary 
Free-living amoebae are microbes of ubiquitous distribution. Although they do not 
have a common evolutionary origin, all FLA are similar in their range of morphologies 
and locomotion. Some of these FLA are of particular importance as they are capable 
of producing infection. Acanthamoeba can produce a life-altering eye infection, 
among other less common diseases. In the environment, Acanthamoeba feeds on 
bacteria, and for this, it has developed different strategies to digest them. At the same 
time, some bacteria have adapted to be able to withstand Acanthamoeba, and survive 
and multiply inside of the amoeba. Bacteria that can survive inside Acanthamoeba 
can use it as a transport mechanism and as a haven from environmental challenges. 
Additionally, when conditions are adverse, Acanthamoeba can change its morphology 
and produce a protective cyst until conditions improve. This study had three 
objectives. First, isolate new amoebae. Second, identify critical factors in the 
production of the cyst by Acanthamoeba. Third, identify proteins used by 
Acanthamoeba to kill bacteria. Several Acanthamoeba organisms were isolated as 
well as two new species of FLA. In addition, different experiments to observe 
encystment dynamics were performed. From these, several factors for encystment 
were identified. Furthermore, two different proteins with potential to lyse bacteria were 
selected. One of the proteins was selected after the development of a new technique 
to observe bacterial lysis on a gel and the other protein through literature research. 
The genes for these proteins were isolated, but the proteins could not be produced in 
the laboratory. Although antimicrobial and encystment factors were identified, future 
studies are required to characterise them and have a deeper understanding of their 
functions and mechanisms. Such experiments should help elucidate critical factors of 
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Chapter 1 Introduction  
1.1 Amoebae  
Amoebozoid organisms or amoebae are members of the kingdom Protista discovered 
in 1757 by Rösel Von Rosenhof. They can be found all around the world in soil or 
water environments. Amoebae play an essential role in the ecosystem releasing 
nutrients from bacteria, recycling biomass and making it available for plant absorption 
(Clarholm, 2002). They are not a monophyletic group as the term amoebae has no 
taxonomic value. Some amoebae are more closely related to animals and fungi than 
they are to other amoebae groups. According to Baldauf, eukaryotes can be divided 
into 4 groups: Unikonts, Archaeplastida, RAS (Rhizaria, Alveolates and 
Stramenopiles), and Excavates. Of these, all except Archaeplastida present amoebae 
(Baldauf, 2008). Figure 1 shows a simplified phylogenetic tree of the history of 
eukaryotes stressing the amoebozoid organisms and their diverse evolutionary 
origins. 
While having a heterogeneous phylogenetic origin, they do share morphological and 
behavioural characteristics. All amoebae are characterized by their locomotion and 
morphology. Amoeboid locomotion can be described as a crawling-like movement 
that happens when extending cytoplasmic extensions, called pseudopodia (Khan, 
2006). Pseudopodia can vary in shape and morphology in general, but its primary 
purpose is locomotion, and they can play a role in nutrition (Harvey et al., 2013).  
The main groups containing amoebae are the Amoebozoa, Cercozoa and 
Heterolobosea. The Amoebozoa are characterized by the non-eruptive lobose or 
tube-like pseudopodia. They usually are uninucleated (Adl et al., 2005). Most taxa in 
Amoebozoa are free-living and include several amoebae, some amoeboflagellates, 
and social amoebae (Smirnov et al., 2005). Molecular data has shown that 
Ameobozoa also includes slime moulds (Bapteste et al., 2002). 
Rhizaria includes groups that do not contain amoebae. However, they do present a 
large number of amoebae including chlorarachniophytes and Paulinella 
chromatophora, which are amoebae that are photosynthetic organisms (McFadden et 
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al., 1994; Nowack et al., 2008). Rhizarian amoebae are mainly testate (Cavalier-Smith 
& Chao, 2003). 
Most heteroloboseans are amoebae with a flagellate state. They are naked amoebae 
abundant in the environment (Baldauf, 2008). Even though they are lobose like 
Amoebozoa, their pseudopodia move in a particularly “eruptive” manner (Pánek et al., 
2017). Naegleria is the most important heterolobosean genus since it contains the 
human pathogen Naegleria fowleri (Carter, 1968, 1970). However, heteroloboseans 
also include vahlkampfiids, the terrestrial slime moulds Acrasids, among others 
(Pánek & Čepicka, 2012).  
Amoebae exist in most eukaryote groups, even when they are most common in some 
clades. Nucleariids are a group of filose amoebae within the Opisthokonta at the 
boundary between fungi and animals. They include only three genera Nuclearia, 
Fonticula, and Parvularia (López-Escardó et al., 2017). Labyrinthulids are 
stramenopiles which form actin-rich large networks of pseudopods and which crawl. 
They prey on plants both in seawater where they feed on Zostera (a marine grass) 
and on land (Chitrampalam et al., 2015). Chyrsophyceae, the “golden algae” contains 
a number of amoeboid species which do not have cell walls in the amoeboid, motile 
phase. These include the genus Synchroma and Chrysamoeba (Hibberd, 1971; Patil 
et al., 2009). 
Some amoebozoid organisms are predecessors of animals and fungi. Capsaspora 
owczarzaki is an amoeba that is the unicellular ancestor of metazoans, and is the link 
capable of explaining the unicellular prehistory of animals (Ferrer-Bonet & Ruiz-Trillo, 
2017; Suga et al., 2013). Additionally, Rozellomycota is the most basal fungal lineage 
and includes the amoebal genus Rozella (Corsaro et al., 2014; Letcher et al., 2017). 
However, Rozella is not alone; chytrid fungi are also capable of amoeboid motility 
(Titus & Goodson, 2017).   
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Figure 1 Summarized consensus phylogeny of Eukaryotes modified from Baldauf, 2008. Marked with orange are the groups of amoebozoid organisms. 
With green, red and brown are the photosynthetic organisms. In blue all other protists.
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1.2 Free-living amoebae 
Being such a diverse group, amoebae can be found in a great diversity of 
environments. The amoebae capable of surviving on their own in different 
environments without requiring a host are known as free-living amoeba (FLA). FLA 
have been known for over 200 years (Lorch, 1973). FLA have ubiquitous distribution, 
found in every continent, and in a very diverse group of environments.  
However, despite the fact that these amoebae are free-living, some of them are 
facultative pathogens. Culbertson identified FLA as potential causatives of disease 
when he discovered a strain of Acanthamoeba that was capable of producing 
encephalitis in mice and monkeys (Culbertson et al., 1958).  The most relevant FLA 
due to their potential to become pathogenic are Balamuthia mandrillaris, Naegleria 
fowlerii and species belonging to the genus Acanthamoeba. These amoebae are 
capable of producing an infection of the central nervous system known as amoebic 
encephalitis, where more than 95% of the cases are fatal (Harvey et al., 2013). 
Additionally, Acanthamoeba is capable of producing an eye infection called 
Acanthamoeba keratitis. 
1.3 Acanthamoeba 
Acanthamoeba are amoebozoid organisms of worldwide distribution and highly 
abundant in the environment (Geisen et al., 2014). They are characterized for their 
spine-like pseudopodia named acanthopodia (also referred to as acanthapodia), and 
their double-walled cysts.  
 Life cycle of Acanthamoeba 
Acanthamoeba has asexual reproduction through binary fission. However, it has been 
suggested that they escape the damaging effect of Muller’s (accumulating mutational 
load) ratchet though polyploidy (Maciver, 2016).   
Acanthamoeba has a biphasic life cycle consisting of a vegetative trophozoite stage 
and a dormant and resistant cyst. When conditions are unfavourable, the trophozoite 
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goes through encystment, in which it encloses in a protective cyst that shows minimal 
metabolic activity (Siddiqui & Khan, 2012b). During this period, the external conditions 
are monitored by structures called ostioles. Each cyst has typically 3 or 4 ostioles 
(Weisman & Shaw, 1976). When conditions are favourable, trophozoites emerge from 
cysts. This process is called excystment and completes the life cycle of 
Acanthamoeba.  
However, as new information becomes available, it appears that the simple biphasic 
life cycle is more complex. Another proposal suggests that Acanthamoeba has four 
different stages: trophozoite, precyst, immature cyst and mature cyst (Chávez-
Munguía et al., 2013). These different stages help specify the intermediate degrees 
of encystment, in which the cell has different characteristics than the original two 
stages.  Also, Prostelium pyriformis was shown actually to belong to the genus 
Acanthamoeba and renamed A. pyriformis. A. pyriformis is capable of forming a 
fruiting body or sporocarp. The sporocarp is formed by a non-cellular stalk, with a 
spore at the top and cannot form in aquatic environments. It is the first Acanthamoeba 
organism with this particular life cycle (Tice et al., 2016). 
Acanthamoeba is capable of quickly developing a single-walled pseudocyst in the 
presence of solvent stress. Some of the solvents that have been identified and are 
capable of inducing pseudocyst formation are methanol, DMSO, acetone and 
propylene glycol (Kliescikova et al., 2011b, 2011a). This is particularly important 
because pseudocysts give Acanthamoeba a defence strategy against contact lens 
solutions (Kliescikova et al., 2011a). The pseudocyst differs from the cyst in genes 
that are expressed. For example, the cyst specific protein CSP21 is not expressed 
during pseudocyst differentiation (Hirukawa et al., 1998; Kliescikova et al., 2011b). 
Also, the expression of cellulose synthase I and II differs in timing and level of 
expression for cyst or pseudocyst (Kliescikova et al., 2011b).  
The original reason identified for encystment was lack of food (Neff et al., 1964a). 
However, starvation is not the only identified reason for encystment. Some other 
causes include osmolarity (Cordingley et al., 1996), a variety of chemicals (Kilvington 
et al., 2008), temperatures, pH (Brindley et al., 2009) and even infection by some 
bacteria species such as Francisella tularensis (El-Etr et al., 2009). The double-walled 
cyst provides Acanthamoeba with protection to most conditions that the organism 
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might encounter in the environment including most pharmaceutical factors. 
Acanthamoeba cysts can survive more than 25 years frozen (Sriram et al., 2008).  
 
Figure 2. Simplified life cycle of Acanthamoeba. The image shows the encystment process 
and the ability to form single-walled pseudocyst during chemical stress. It also shows the 
ability of Acanthamoeba pyriformis to form a fruiting body or sporocarp. 
Acanthamoeba has the capacity to encyst synchronously. Synchronous encystment 
is considered when more than 70% of the organisms encyst in 24 hours (Neff et al., 
1964b). However, Acanthamoeba can lose the capacity to encyst synchronously 
when grown axenically. When this happens, the process takes longer and happens 
at different rates (Köhsler et al., 2008) 
A simple diagram explaining the life cycle of Acanthamoeba is shown in Figure 2. 
 Morphology 
Having two different life stages, their morphology is markedly different. Trophozoites 
are capable of changing their shape and are generally between 12 and 40 µm in 
diameter, but their size can change dramatically, depending on the species, genotype, 
the environment or their development. Cysts sizes range between 5 and 20 µm 
(Brindley et al., 2009; Lorenzo-Morales et al., 2013).  
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Acanthamoeba are uninucleate and polyploid. The nuclear chromosomes are small, 
can be numerous, and their sizes vary between 200 kb and 2 Mb (Byers et al., 1990; 
Rimm et al., 1988). Acanthamoeba contains between 1 and 2 pg/amoeba of DNA 
(Byers et al., 1990). The estimated size of the haploid genome is around 45 Mb 
(Byers, 1986). However, since Acanthamoeba is normally polyploid, the size of the 
total genome varies between organisms (Byers, 1986). The mitochondrial DNA 
presents a circular shape and a lower buoyant density than genomic DNA (Adam et 
al., 1969; Bohnert & Herrmann, 1974; Hettiarachchy & Jones, 1974). The genome of 
Acanthamoeba castellanii was published in 2013 (Clarke et al., 2013). 
The plasma membrane has the particular characteristic of having 
lipophosphonoglycan which accounts approximately for 31% of the membrane’s mass 
while being present on both sides of the membrane (Bowers & Korn, 1974; Korn, 
1974). Actin, which consists of close to 20% of the total protein, myosin  II and other 
cytoskeletal proteins are responsible for locomotion, cell transport and cell division 
(Khan, 2006). 
Acanthamoeba has different types of vacuoles in the cytoplasm, a large contractive 
vacuole and smaller digestive vacuoles (Lorenzo-Morales et al., 2013). The protozoan 
contractile vacuole expels water for osmotic regulation and is capable of eliminating 
a volume of water equivalent to its total volume in 30 minutes (Bowers & Korn, 1968; 
Kitching, 1938). Myosin-I is known to be essential for contractile vacuole function and 
can be inhibited by monoclonal antibodies, causing the amoebae to swell and lyse 
(Doberstein et al., 1993). 
The cyst consists of a double-layered wall, the endocyst and the ectocyst that are 
composed mainly of cellulose, which is lacking in the trophozoite and can account for 
10% of the weight of the cyst (Blanton & Villemez, 1978; Tomlinson & Jones, 1962). 
Although the composition of the cysts varies from one specie to the other, it was first 
reported to be composed of 33% protein, 4-6% lipid, 35% carbohydrates, 8% ash and 
20% unidentified materials (Neff et al., 1964a). While carbohydrates (cellulose) are 
present in both walls, the ectocyst has a high quantity of proteins (Chávez-Munguía 
et al., 2013; Hirukawa et al., 1998). During differentiation the carbohydrate 
composition of the amoeba changes. Trophozoite carbohydrates are composed 
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mainly of glucose (98%), while cysts have similar amounts of glucose and galactose 
(close to 45% each) among other carbohydrates (Dudley et al., 2009). 
Although morphology used to be the primary criteria for classification, it was later 
almost totally discarded (Pussard & Pons, 1977). It was demonstrated that 
morphology was only useful for genus classification but had no phylogenetic 
relevance at a species level (Gast et al., 1996; Stothard et al., 1998; Yu et al., 2001). 
 Taxonomy 
Taxonomic classification of amoebae is challenging since they possess ever-
changing shape and a polyphyletic origin. Acanthamoeba is a genus of the 
Acanthamoebidae family from the Amoebozoa phylum. However, the higher 
taxonomy of the family changes slightly from author to author. Table 1 shows the 
different classifications of Acanthamoeba according to several authors and the 
National Center for  Biotechnology Information (NCBI, 2015).  
In 1930, Castellanii isolated an amoeba from a fungi culture of Cryptococcus 
pararoseus, now known as Rhodotorula mucilaginosa. The amoeba was identified as 
a new species and named Hartmanella castellanii by Douglas (Castellani, 1930; 
Douglas, 1930). One year later, Volkonsky, subdivided the genus Hartmanella into 
the three different genera (Hartmanella, Glaeseria and Acanthamoeba) and 
reclassified H. castellanii as Acanthamoeba castellanii (Volkonsky, 1931).   
At first, the organisms in this genus were classified based on morphology. Initially, the 
mitotic spindle and the structure of the cyst were the primary determinants for 
classification (Volkonsky, 1931). However, classification based on morphological 
factors proved to be of little phylogenetic value. Therefore a new classification was 
required (Singh, 1950). In 1967, acanthopodia were described. The use of mitotic 
spindle for classification was discarded, and the structure of the cyst was given more 
importance in classification based on the doubled-wall found in Acanthamoeba which 
produces an endocyst and an ectocyst (Page, 1967). Later, the trophozoite shape 
and size was considered along with cyst structure for classification of the organisms. 
This new classification divided Acanthamoeba into three morphogroups (I, II and III) 
based on their morphological characteristics (Pussard & Pons, 1977).  This method 
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of classification still has certain value as a quick method of classification of the 
amoebae. Group I presents stellate endocyst with clear delimitation between 
endocyst and ectocyst. Group II has typically smaller cysts that present different forms 
of endocyst but a wrinkled ectocyst with ostioles at the angle of the rays. Group III has 
rounded endocyst and a smooth, thin and delicate ectocyst (Lloyd, 2014; Page, 1967; 
Pussard & Pons, 1977). Group II is the most commonly found in the environment 
(Jeong et al., 2007). 
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Table 1. Comparison of taxonomic classification of Acanthamoeba (Corsaro et al., 2015; 
Khan, 2006; NCBI, 2015; Visvesvara, 1991). 
Since 1996 the preferred basis for Acanthamoeba systematics has been the 
sequence of 18S ribosomal DNA (rDNA) short-subunit (SSU) (Gast et al., 1996). 
Presently there are 20 genotypes of Acanthamoeba based on 18S rDNA denominated 
T1 to T20. Nevertheless, the classification is continuously in flux (Corsaro et al., 
2015). There are several species names for a single genotype and some species 
names that are used for different genotypes. One example of the challenges found in 
Acanthamoeba classification is genotype T99. Several environmental sequences 
were included in T99, but no organisms existed in culture (Fuerst et al., 2015). 
However, the 18S rDNA sequence from genotype T99 proved to be an artefact, with 
a middle fragment belonging to an Acanthamoeba T13, but the 5’ and 3’ end-
fragments belonged to a nematode and a cercozoan respectively (Corsaro & Venditti, 
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2017).The different species and their relation to the 20 genotypes are shown in Table 
2. 
 Isoenzyme profile 
Before sequencing of the 18S became practical, several other methods were used to 
determine Acanthamoeba phylogeny. Researchers have proposed the use of 
isoenzymes as a form of classification. Costas and Griffiths proposed the use of 
esterases and acid-phosphatases for classification (Costas & Griffiths, 1980). Later 
on, they proposed some other enzymes that didn’t show conclusive phylogenetic 
value (Costas & Griffiths, 1985). Meanwhile, De Jonckheere also used isoenzymes 
as a form of classification. He compared acid-phosphatase, leucine  amino peptidase, 
malate dehydrogenase, propionyl-esterase, glucose phosphatase isomerase, 
phosphoglucomutase and alcohol dehydrogenase in addition to protein patterns to 
clarify some aspects of Acanthamoeba morphology (Jonckheere, 1983). In 1995, 
Kong proposed the comparison of isoenzyme profiles and mitochondrial DNA 
(mtDNA) fingerprints. He proposed the extraction of mtDNA and digestion as a 
method for strain identification (Kong et al., 1995). 
  Riboprinting 
Kong suggested the use of restriction fragment length polymorphism (RFLP) of 
amplified SSU fragments (Kong & Chung, 1996). Later, Chung et al. proposed a PCR 
based restriction analysis of the SSU which appeared to be closely related to the 
morphogroups proposed by Pussard and Pons (Chung et al., 1998; Pussard & Pons, 
1977). In 2001, Yu used both PCR-RFLP of the SSU as well as mtDNA fingerprint to 
identify the strains of isolates obtained from contact lens storage cases from Korea. 




Genotype Species related AK GAE MG References 
T1 A. castellanii     No Yes II (Gast et al., 1996; Stothard et al., 1998) 
T2 A. palestiniensis A. polyphaga A. pustulosa Yes Yes III (Gast et al., 1996; Stothard et al., 1998) 
T3 A. griffini  A. pearcei   Yes No II (Gast et al., 1996; Stothard et al., 1998) 
T4 
A. castellanii A. polyphaga A. royreba 
Yes Yes II (Gast et al., 1996; Stothard et al., 1998) 
A. ludgunensis A. triangularis   
T5 A lenticulata     Yes Yes III (Gast et al., 1996; Stothard et al., 1998) 
T6 A. hatchetii A. palestiniensis   Yes No III (Gast et al., 1996; Stothard et al., 1998) 
T7 A. astronyxis     No No I (Gast et al., 1996; Stothard et al., 1998) 
T8 A. tubiashi     No No I (Gast et al., 1996; Stothard et al., 1998) 
T9 A. comandoni     No No I (Gast et al., 1996; Stothard et al., 1998) 
T10 A. culbertsoni     No Yes III (Gast et al., 1996; Stothard et al., 1998) 
T11 A. stevensoni  A. hatchetii   Yes No II (Gast et al., 1996; Stothard et al., 1998) 
T12 A. healyi     No Yes III (Gast et al., 1996; Stothard et al., 1998) 
T13       Yes No II (Hewett et al., 2003; Horn et al., 1999) 
T14       No No III (Gast et al., 1996; Hewett et al., 2003) 
T15 A. jacobsi     Yes No III (Hewett et al., 2003) 
T16       No No II (Corsaro & Venditti, 2011) 
T17       No No I (Nuprasert et al., 2010) 
T18 A. byersi     No Yes I (Qvarnstrom et al., 2013) 
T19 A. micheli     No No II (Corsaro et al., 2015) 
T20       No Yes II (Fuerst et al., 2015; Visvesvara et al., 2007) 
Table 2. Genotypes and species of Acanthamoeba. The 20 genotypes are presented with the different species names found in the literature. AK and 
GAE columns show if the strain has been reported to cause the disease. The MG column refers to the morphogroup of each strain 
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 18s rDNA 
In 1987, Woese proposed the ribosomal DNA as ultimate molecular clock measuring 
evolutionary divergence (Woese, 1987). That same year, Sogin and Gunderson 
(1987) tried to establish the phylogeny of the eukaryotes based on the 18S and 20S.  
The 18S gene used for the identification of eukaryotic species is over 2kb and varies 
depending on the species and the genotype. In the case of Acanthamoeba, the three 
morphological subgroups can still be divided by the sequence of the 18S rDNA. 
According to Stothard et al., subgroups II and III represented four different genotypes 
T1-T4, while subgroup I represented all the other genotypes known until then (T5-
T12) (Stothard et al., 1998). However, the classification of each strain depending on 
the morphogroups varies depending on the author. 
Subgroups II and III usually have 18S sequences close to 2300 bp while subgroup I 
has a more extended sequence close to 2700 bp (Stothard et al., 1998). Nevertheless, 
as more information has become available, this has changed. In 1996, A. griffini was 
identified from an AK patient, and the 18S was measured at around 2800 bp with a 
unique morphogroup I intron despite being characterized as a member of 
morphogroup II (Ledee et al., 1996). Later, similar problems were encountered with 
some isolates of the T5 A. lenticulata. A. lenticulata presented 18S gene fragments of 
around 300 bp and introns characteristic of subgroup I despite being a member of 
morphogroup III (Schroeder-Diedrich et al., 1998). However, as seen in Table 2, the 
most current classification of morphogroups has changed (Corsaro et al., 2015).  
Due to the disparity of sequences from the different subgroups, a smaller diagnostic 
fragment (ASA.S1) was proposed as a highly reliable tool for quick identification. The 
ASA.S1 fragment is around 450 bp (Schroeder et al., 2001). Later, Booton proposed 
an even smaller fragment from the ASA.S1 region of around 113 bp as the critical part 
for identification of Acanthamoeba strains (Booton et al., 2002). 
Despite all the different fragments proposed for classification, the full 18S gene is 
necessary for correct identification. Smaller fragments can be indicative of a new 
lineage, but they are not conclusive as they lack information only available in the full 
gene for the establishment of new genotypes (Corsaro et al., 2015). At the moment, 
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at least 5% difference in the 18S rDNA is required to define a new genotype (Fuerst 
et al., 2015). 
It has been determined that Acanthamoeba phylogeny is closer to plants and animals 
than some other amoebozoid organisms. The study of the 18S sequence has shown 
a more recent phylogenetic branch and origin for Acanthamoeba than other amoebae 
such as Naegleria, which  originated from a very different branch of eukaryotic 
evolution (Clark, 1990; Clark & Cross, 1987). 
In Acanthamoeba, rDNA is located in the nucleus and the mitochondria (Bradley & 
Marciano-Cabral, 1996). Other amoebae such as vahlkampfiids have the rDNA 
located exclusively on an extrachromosomal plasmid (Clark, 1990). 
  Cytochrome oxidase subunit I 
Cytochrome oxidase subunit 1 (COI) barcoding is a recent approach to studying the 
phylogeny of amoebae. It is based on the sequencing and analysis of the COI gene, 
which has shown to give consistent results comparable to 18S rDNA in 
Acanthamoeba (Crary et al., 2011). The COI barcoding has been used with other 
species including testate amoebae (Kosakyan et al., 2012). In some groups such as 
the genus Vannella, sequencing the COI gene is essential for the proper identification 
of the species as the 18S can be inadequate (Nassonova et al., 2010). However, 
further studies and more sequences are required to confirm the value of COI as a tool 
of identification. 




Figure 3. Brief taxonomic history of Acanthamoeba classification. 
 Locomotion 
Acanthamoeba organisms inhabit different environments, mainly of soil or water. 
These environments usually are substrates or the water-air interface (WAI) of aquatic 
environments. Depending on the environment, their locomotion slightly varies. 
Acanthamoeba normally moves directionally. However, when inhabiting the WAI, the 
amoebae tend to use passive locomotion. It is important for Acanthamoeba to be able 
to inhabit the WAI, as it enables them to move through aerosols and increases the 
potential of infecting other organisms (Preston et al., 2001). Acanthamoeba moves 
relatively fast in relation with other protozoa at around 0.75 µm/sec either in solid 
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Like in most protozoa, locomotion in Acanthamoeba occurs at a cellular and sub-
cellular level (Preston & King, 1984). At a cellular level, Acanthamoeba presents a 
fluid-like structure forming a hyaline zone or pseudopodium at the front. These 
pseudopodia present acanthopodia and lack cytoplasmic granules (Bowers & Korn, 
1968; Preston & King, 1984). The pseudopodium and acanthopodia contain hyaline 
cytoplasm, which is composed of only the most basic cytoplasmic components and 
microtubules (Bowers & Korn, 1968). Another two basic components of 
Acanthamoeba locomotion are myosin I and actin (Baines et al., 1992; Gordon et al., 
1976). Actin filaments are mostly concentrated at the edge of the amoebae, sitting 
close to the membrane, and are responsible for the cellular protrusion characteristic 
of the amoebic movement. Acanthamoeba locomotion has been extensively studied 
as model organisms with an emphasis on the actin cytoskeleton based-motility 
(Pollard et al., 1989).  
 Feeding systems 
Acanthamoeba feeds on microorganisms through phagocytosis and pinocytosis 
(Bowers & Olszewski, 1972; Weisman & Korn, 1967). They feed mainly from bacteria, 
but can also feed on yeast and algae. Organisms ingested by Acanthamoeba are 
digested in phagolysosomes (Allen & Dawidowicz, 1990; Bowers & Olszewski, 1983; 
Khan & Siddiqui, 2014; Weekers & Drift, 1993). Acanthamoeba is capable of 
distinguishing digestible and indigestible particles once they have been internalized 
and is capable of expelling indigestible particles (Bowers & Olszewski, 1983). 
Acanthopodia play an essential role in capturing prey (Lorenzo-Morales et al., 2013). 
Phagocytosis is a process dependant on receptors. A mannose binding protein 
mediates the binding of Acanthamoeba to food organisms and subsequent 
phagocytosis (Allen & Dawidowicz, 1990; Alsam et al., 2005a; Garate et al., 2004). 
During phagocytosis, amoebae engulf prey into a phagolysosome, where it is killed 
by acidification, oxidative stress, deprivation of nutrients and diverse antimicrobials 
(Haas, 2007; Strassmann & Shu, 2017). 
Pinocytosis is non-specific and happens through invagination of the membrane. It is 
used when large solutes and food particles are the nutrients of choice (Bowers & 
Olszewski, 1972; Khan, 2006). 
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During infection of mammals, Acanthamoeba feeds through cup-shaped structures 
called amoebostomes in a process called trogocytosis. During trogocytosis, the cell 
cuts and ingests small pieces of the host cell (Lorenzo-Morales et al., 2013). 
Acanthamoeba’s amoebostomes have varying sizes depending on the function, 
where large ones help degradation of the target cell and smaller ones tear small parts 
(González-Robles et al., 2009; Khan, 2001; Khan & Tareen, 2003). 
 Ecology 
It is common to find Acanthamoeba in an extensive range of ecosystems such as in 
soil and water bodies (Behniafar et al., 2015; Reyes-Batlle et al., 2014), but can also 
be found in air conditioning system (Astorga et al., 2011), tap water (Bagheri et al., 
2010; Jeong et al., 2007), water bottles (Maschio et al., 2014; Rivera et al., 1981), 
humidifiers (Tyndall et al., 1995) sewage (Sawyer et al., 1992), compost (Conza et 
al., 2013), sediments soil (Reyes-Batlle et al., 2014; Sawyer et al., 1992), animal 
faeces (Rezaeian et al., 2008), beaches (Lorenzo-Morales et al., 2005b), surgical 
instruments (Rezaeian et al., 2008), dialysis units (Hassan et al., 2012), eye wash 
units (Paszko-Kolva et al., 1991), dental units (Hassan et al., 2012), contact lenses  
and several human tissues (Khan, 2006). Therefore, most individuals have been 
exposed to the organism as shown by anti-Acanthamoeba antibodies found in the 
vast majority of individuals regardless of gender or nationality (Brindley et al., 2009; 
Cursons et al., 1980). 
In the environment, amoebae play a vital role in the composition of the microbial 
communities and nutrient cycling. Amoebae are the primary bacterial predators in soil 
and are capable of accounting for 60% of the bacterial decrease (Clarholm, 1981; 
Elliott & Coleman, 1977). When feeding on bacteria, amoebae are capable of 
metabolizing nitrogen playing an essential role in nitrogen mineralization. Otherwise, 
nitrogen would be immobilized by bacteria and unavailable for plants. Therefore, 
amoebae are essential for soil fertility. (Weekers et al., 1993; Weekers & Drift, 1993; 




1.4 Bacteria-Amoebae interactions 
As with any interaction found in nature, the relationship between amoebae and 
bacteria have shaped both organisms as they continuously adapt to each other. Even 
though amoebae are responsible for most of the predation of bacteria in the 
environment, it is not the only interaction between these organisms. Bacteria-
amoebae interactions can be classified into three different types: relations in which 
Acanthamoeba benefit at the expense of bacteria; relations in which bacteria benefit 
at the expense of amoebae; and mutualistic relations in which both benefit. There can 
be a fourth type relation in which they compete for the limited amount of resources, 
as it happens for all organisms sharing the same environment. 
 Amoebae prey on bacteria 
Acanthamoeba feeds mainly from preying on bacteria. It is responsible for the 
elimination of 60% of the bacterial populations in the environment (Rosenberg et al., 
2009). Acanthamoeba has shown a preference for gram-negative bacteria, despite 
the abundance of gram-positive bacteria found in the environment (Khan & Siddiqui, 
2014; Weekers et al., 1993). When given a choice, Acanthamoeba prefers to feed on 
gram-negative bacteria such as Escherichia coli and Kleibsella aerogenes. However, 
it is capable of feeding and growing in several species of bacteria including 
Agrobacterium tumefaciens, Bacillus megaterium, Bacilus subtilis, Chromatium 
vinosum, Micrococcus luteus, Pseudomonas fluorescens, and Serratia marcescens 
(Weekers et al., 1993).  
 Bacteria invade amoebae 
Some bacteria have developed adaptations to avoid digestion by Acanthamoeba, and 
survive inside of it. This produces a system in which Acanthamoeba harbours bacteria 
that would otherwise have trouble surviving in the environment providing them with a 
safe place to proliferate (Greub & Raoult, 2004; Guimaraes et al., 2016; Strassmann 
& Shu, 2017). Therefore, Acanthamoeba often has obligate intracellular symbionts 
(Schmitz-Esser et al., 2004). The primary mechanism to avoid phagocytosis is 
subverting the antimicrobial mechanisms of the phagosome. However, some bacteria 
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are also capable of escaping vacuoles and invading the cytoplasm, which provides 
ideal characteristics for bacterial growth (Strassmann & Shu, 2017). 
Bacteria capable of surviving within amoebae can be divided between those capable 
of reproducing, and those that remain intracellular without multiplying (Siddiqui & 
Khan, 2012c). The bacteria capable of reproducing such as Bacillus anthracis, 
Chlamydia pneuminiae, Parachlamydia acanthamoebae and Ralstonia pickettii are 
considered pathogens of Acanthamoeba as they cause lysis killing the host (Amann 
et al., 1997; Dey et al., 2012; Essig et al., 1997; Michel & Hauröder, 1997). However, 
before lysis, Acanthamoeba serves as a reservoir for the bacteria, allowing it to 
reproduce, survive, invade other organisms such as humans, and cause disease 
(Greub & Raoult, 2004).  
However, not all bacteria that can survive inside Acanthamoeba are capable of 
reproducing. These adaptations give the bacteria the capacity to survive harsh 
environments, use Acanthamoeba as a vector of transmission and help them develop 
strategies to evade vertebrate immune system that can be similar to the amoebae 
(Khan & Siddiqui, 2014; Siddiqui & Khan, 2012c) .  
The relationship between Acanthamoeba and different bacteria might change 
depending on environmental factors. For example, L. pneumophila produces lysis of 
Acanthamoeba at 37˚C, but it is phagocytized and digested at temperatures around 
20˚C (Anand et al., 1983).  
Whether they multiply or not, some bacteria use Acanthamoeba as Trojan horses 
since amoebae serve as a vector for the bacteria to infect other organisms. Until 2007, 
only Acanthamoeba species of morphogroup II have been known to carry bacterial 
endosymbionts, probably due to their genetic and epidemiological capabilities (Jeong 




Figure 4. Bacteria inside Acanthamoeba cyst. 
 Mutualism 
There are aspects of the relation where both the amoebae and the bacteria benefit. 
For bacteria, intra-amoebal growth can enhance resistance to antibiotics and biocides 
(Barker et al., 1995; Walochnik et al., 1999). Interaction with amoebae can also 
increase virulence and pathogenicity (Cirillo et al., 1997, 1999). Moreover, some 
bacteria are capable of taking some amoebic characteristics like the amoebic 
membrane proteins found in L. pneumophilla after growing inside amoebae (Barker 
et al., 1993). Additionally, inter-kingdom lateral gene transfer occurs commonly 
between amoebae, bacteria and viruses (Clarke et al., 2013; Moliner et al., 2009). 
Acanthamoeba growing in the presence of bacteria have a higher virulence than those 
growing axenically (Larkin et al., 1991).  






More information Human Disease Reference 




Produces lysis in A. 
castellanii 
 (Schulz et al., 2014) 
Chlamydia pneumoniae Vacuoles Can produce lysis Pneumonia (Essig et al., 1997; Michel & Hauröder, 1997) 
Coxiella burnetti Vacuoles 
Forms spore-life 
structures 
Q fever (La Scola & Raoult, 2001) 
Escherichia coli Vacuole  
Digestive tract 
infection 
(Alsam et al., 2006; Barker et al., 1999) 
Francisella tularensis Vacuoles 
Can survive for 3 
weeks 
Tularaemia (El-Etr et al., 2009) 
Helicobacter pylori Vacuoles  
Asymptomatic 
disease 








Does not survives 
inside cysts 
Listeriosis (Chau & Muller, 1990; Zhou et al., 2007) 
Mycobacterium avium Within cyst walls  
M. avium-
intracellular infection 
(Cirillo et al., 1997; Steinert et al., 1998) 
Mycobacterium leprae 
Acid rich regions 
(lysosomes) 
 Leprosy (Wheat et al., 2014) 
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Inhibits growth of 
Acanthamoeba 
Several (Qureshi et al., 1993) 








(Drozanski, 1991; Springer et al., 1992) 
Salmonella typhimurium Contractile vacuole 
Role in bacterial 
translocation 




 Several (Huws et al., 2006, 2008) 
Taylorellae equigenitalis Cytoplasm 
Equine genital 
pathogen 
 (Allombert et al., 2014) 
Vibrio cholerae Cytoplasm  Cholera (Abd et al., 2007) 
Vibrio 
parahaemolyticus* 
Requires presence of amoebae but cannot 
survive inside 
Gastroenteritis (Laskowski-Arce & Orth, 2008) 
Table 3. Bacteria capable of surviving intracellularly in Acanthamoeba. The table also shows the localization of the bacteria within Acanthamoeba, 
comments and which human disease they cause when applicable. *In the case of V. parahaemolyticus, it does not live intracellularly, but requires 
the presence of Acanthamoeba. 
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 Bacterial infections aided by Acanthamoeba 
Acanthamoeba provides several advantages for bacteria that have developed 
adaptations to survive inside it. Acanthamoeba offers an environmental niche that 
bacteria can use for survival. Moreover, the amoeba aids in transport helping in the 
transmission and infection of humans and animals (Khan & Siddiqui, 2014). Some of 
the diseases caused by bacteria carried through Acanthamoeba can be seen in Table 
3. 
  Legionella pneumophila 
L. pneumophila is ubiquitous in freshwater environments, where it replicates within 
protozoan hosts (Fields et al., 2002). L. pneumophila is the causative agent of 
Legionnaires’ disease (LD). LD is an atypical form of pneumonia first described after 
an outbreak in Philadelphia in 1976 (Fraser et al., 1977). Modern technologies, such 
as air conditioning systems, can cause aerolization of water and parasites such as 
Acanthamoeba carrying L. pneumophila. Once inhaled, L. pneumophila infects 
alveolar macrophages (Horwitz, 1983). The development of the infection causes LD. 
In 2012, Edinburgh had an LD outbreak with 61 positive cases causing the death of 
four people. It was the largest outbreak in the UK in over a decade costing the health 
system an estimated £725,800 (Irons et al., 2013).  
L. pneumophila has long been associated with Acanthamoeba. Rowbotham 
suggested that the source of disease are vesicles and amoebae carrying the bacteria 
as vectors, instead of free-living bacteria (Rowbotham, 1980). L. pneumophila 
organisms that grow inside Acanthamoeba have shown increased virulence and 
ability to invade the host (Cirillo et al., 1994, 1999). Furthermore, L. pneumophila 
grown in the presence of Acanthamoeba has shown increased resistance to 
antimicrobials (Barker et al., 1995).  
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1.5 Interactions between amoebae and other 
organisms 
 Virus 
It is important to consider that also viruses, including giant viruses, are capable of 
infecting Acanthamoeba (Phillipe et al., 2013). Some of these viruses are also capable 
of gene transfer within Acanthamoeba, with either the amoeba or intra-cellular 
bacteria (Moliner et al., 2009). The main viruses infecting Acanthamoeba are shown 
in Table 4.  
Virus Comment Reference 
Adenoviruses Enteritic, respiratory and eye infections (Lorenzo-Morales et al., 2007) 
Pandoraviruses Giant virus 
(Phillipe et al., 2013; Scheid et al., 
2014) 
Mimivirus Giant virus 
(La Scola et al., 2003; Zauberman et 
al., 2008) 
Coxsackievirus Causes aseptic meningitis (Mattana et al., 2006) 
Mamavirus Is a different Mimivirus strain (Colson et al., 2011) 
Mollivirus sibericum Giant virus found infecting in permafrost (Legendre et al., 2015) 
Pithovirus Giant virus found infecting in permafrost (Abergel & Claverie, 2014) 
Marseillevirus Evolutionary evidence through gene analysis (Boyer et al., 2009) 
Table 4. List of virus capable of surviving inside Acanthamoeba. 
 Fungi 
At least one fungal organism has been reported to be able to survive inside 
Acanthamoeba. Cryptococcus neoformans can replicate inside Acanthamoeba 
without being degraded (Neilson et al., 1978). The interaction of C. neoformans and 
Acanthamoeba might explain the virulence of the fungi and its capacity to invade 
mammalian cells (Steenbergen et al., 2001), 
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1.6 Diseases and importance 
One of the main reasons for Acanthamoeba importance is its relationship with human 
health and its ability to cause disease.  
While some strains are innocuous, others are facultative pathogens for humans and 
animals (Martinez, 1980). Several species such as A. lenticulata and A. polyphaga 
present pathogenic and non-pathogenic organisms (Khan & Tareen, 2003). The 
easiest way of identifying potential pathogenicity of a strain is testing its tolerance to 
higher temperatures (37˚C) and osmolarity (De Jonckheere, 1980; Khan & Tareen, 
2003).  
More than 80% of individuals present anti-Acanthamoeba antibodies, meaning most 
people have been in contact with the amoeba (Chappell et al., 2001). However, it is 
not clear if the antibodies are protective (Visvesvara et al., 2011). Infections by 
Acanthamoeba mostly occur to contact lens wearers or immune deficient patients.  
Mainly, Acanthamoeba causes two well-recognized infections: Granulomatous 
amoebic encephalitis (GAE) and Acanthamoeba keratitis (AK). Most people do not 
develop any disease from the exposure to Acanthamoeba. However, immune 
compromised patients are at a high risk of developing an infection (Chappell et al., 
2001). The immune deficient patients infected with Acanthamoeba usually have AIDS 
or recently had a transplant. The first reported infection in a patient with AIDS was in 
1986 (Gonzalez et al., 1986). Additionally, immunocompromised patients can develop 
other infections such as Acanthamoeba rhinosinusitis and cutaneous 
acanthamebiasis.  
 Granulomatous amoebic encephalitis (GAE) 
GAE is a disease caused when amoebae infect the central nervous system (CNS).  
GAE has a high mortality rate. The first reported case occurred in the United States 
in 1972 to a patient with Hodgkin lymphoma (Jager & Stamm, 1972). Acanthamoeba 
is the leading causative agent of GAE. However, it is not the only one. In 1990, 
Balamuthia mandrillaris was discovered when it was isolated from the brain of a 
mandrill-baboon. B. mandillaris is capable of causing GAE (Visvesvara et al., 1990).  
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As with most Acanthamoeba infections, GAE happens typically in 
immunocompromised patients, but it is not exclusive (Visvesvara et al., 2007). 
Usually, the amoebae enter the host through the pulmonary tract or skin lesions. 
Then, the infection travels by haematogenous dissemination, until it reaches the CNS 
invading the blood-brain barrier (Martinez, 1991). Even though it has an unknown 
incubation period, the development is slow, occurs through several weeks, and can 
span several months. However, once the infection reaches the CNS, it usually results 
in death within days or weeks (Khan, 2006; Martinez, 1991). Since it starts with 
infection of the pulmonary tract of skin lesions, GAE is closely related to other 
Acanthamoeba infections such as Acanthamoeba rhinosinusitis and cutaneous 
acanthamebiasis. 
GAE causes a pro-inflammatory response, and neuronal damage (Khan, 2006). The 
symptoms commonly include headaches, stiff neck, nausea, vomiting, fever, lethargy, 
visual disturbances, hemiparesis, seizures, mental-state changes, facial nerve palsy, 
ataxia and other cerebellar signs (Crary et al., 2011; Visvesvara et al., 2007).  
Diagnosis is difficult, as imaging techniques, such as MRI, do not give conclusive 
results. Results from imaging techniques are similar to several other diseases like 
brain abscesses, tumours and cerebrovascular accidents (Visvesvara et al., 2011). 
The only way to verify is through cultivation and PCR. Unfortunately, cultivation 
usually happens from post-mortem biopsies (Visvesvara et al., 2011). 
Since diagnosis is complicated and most cases are identified post-mortem, treatment 
options are limited. However, some cases, where early diagnosis was possible, were 
successfully treated through different combinations of drugs that included 
pentamidine, voriconazole, isethionate, sulfadiazine, fluconazole chlorexidine 
gluconate, ketoconazole and miltefosine (Aichelburg et al., 2008; Martinez et al., 
2000; Slater et al., 1994; Webster et al., 2012). GAE presents the challenge of drug 
delivery as most of the drugs used in infections, are incapable of crossing the blood-
brain barrier (Visvesvara, 2010). 
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 Acanthamoeba rhinosinusitis 
Rhinosinusitis is a disorder characterised by the inflammation of the nasal passages. 
As it is the case with other Acanthamoeba infections, it occurs in 
immunocompromised patients and usually is fatal (Rivera & Padhya, 2002). Most 
cases are related to HIV infection, but at least two cases have been reported in 
immunocompromised patients from lung transplants (Cammaroto et al., 2015). 
Until 2015, nineteen cases had been reported of Acanthamoeba rhinosinusitis 
(Cammaroto et al., 2015). The diagnosis of Acanthamoeba rhinosinusitis is difficult as 
it is extremely rare and mimics the development of similar diseases (Dickson et al., 
2009). There is no specific treatment.  
 Cutaneous acanthamebiasis or granulomatous 
dermatitis 
Acanthamoeba is capable of producing skin infections, and it usually appears as a 
complication in immunocompromised patients, especially, but not limited, to those 
with AIDS. Nodules and skin lesions are characteristic of the infection (Khan, 2006). 
Acanthamoebiasis can co-occur with GAE or with sinus involvement (Gonzalez et al., 
1986; Helton et al., 1993; Slater et al., 1994). Early diagnosis and treatment are vital 
due to the high risk of dissemination and development of GAE (Walia et al., 2007). 
 Acanthamoeba keratitis (AK) 
AK is a sight-threatening infection of the cornea that mostly affects individuals that 
wear contact lenses or had corneal trauma. AK is a relatively new disease that first 
appeared in a Texan rancher in 1973, and was first reported in 1974 in the United 
Kingdom (Jones et al., 1975; Nagington et al., 1974). In 1985, the relation between 
contact lenses and the disease was firmly established (Moore et al., 1985). Ever 
since, AK importance has been growing with the increased use of contact lenses. 
However, AK is still considered a rare disease included in the ORPHANET database 




AK infection is very painful and can be persistent. There is no specific treatment. Even 
with medical intervention, there is no guarantee of success, and the eye may be lost. 
New drugs/treatments are urgently needed (Lorenzo-Morales et al., 2015). Besides 
pain, patients experience photophobia, redness caused by hyperaemia, eyelid ptosis, 
ulcers and infiltrate causing cloudiness in the eye in later stages (Clarke & Niederkorn, 
2006). In more advanced cases, keratoplasty might be the only option of treatment to 
improve the chances of recovery (Hammersmith, 2006). Ordinarily, only one eye is 
infected, but there have been some reported cases of bilateral keratitis (Cachia 
Markham & Mercieca, 2012; Rama et al., 2003; Visvesvara et al., 2007). 
Unlike other Acanthamoeba infections that generally happen due to 
immunosuppression, contact lens use is the primary risk factor for AK. AK is most 
often a result of deficient hygiene in the storage and handling of the contact lenses. 
The frequent presence of bacterial biofilms in contact lenses facilitates the growth and 
infection of Acanthamoeba (Simmons et al., 1998). However, there are other factors 
involved in AK infection such as corneal trauma. This means that AK can occur in 
non-contact lens wearers. 
  Contact lens wear 
Mostly, AK infection is related to soft contact lens wear. The first documented attempt 
to develop contact lenses was made by August Muller in 1889 trying to correct his 
myopia, where he described the principle used today. He correctly hypothesised that 
the forces of adhesion and capillarity would hold the lens in place (Key, 2007). Rigid 
contact lenses started between 1938- 1940. Soft contact lenses appeared in 1971. 
Since then, the number of contact lens wearers has increased. In the UK, the number 
of contact lens wearers was estimated around 4.2 million, representing close to 9 
percent of the adult population aged 15-64 years old (Optometry Today, 2016). By 
2015, an estimated 40.9 million adults in the United States were contact lens wearers, 
out of which 93% reported wearing soft contact lenses (Cope et al., 2015). According 
to the American Optometric Association, 80% of the wearers use daily soft contact 
lenses and 15% use extended wear. Around 50% of the wearers wear 1 to 2 week 
contact lenses (American Optometric Association, 2003). 
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Between 40% and 90% of contact lens wearers do not follow proper cleaning 
procedures (Bui et al., 2010). Cope reported that close to 99% of contact lens wearers 
have at least one behaviour that puts them at risk of infection (Cope et al., 2015).  
  Keratitis distribution and growth 
Since its discovery in 1974, the apparent incidence of AK has constantly been growing 
due to the increased use of contact lenses as well as the increased awareness and 
improvement of diagnostic techniques that lead to a higher report rate. Since the 
1980s, there has been a dramatic rise in AK cases parallel to the increase in popularity 
of soft contact lenses (Stehr-Green et al., 1989).  
AK is potentially endemic to all countries. It can be assumed that the reason for 
countries without any reported cases of AK, is due to limitations in research rather 
than to the absence of Acanthamoeba. However, it is a disease more prevalent in 
developed countries due to the higher use of contact lenses. Nevertheless, AK is not 
exclusive to developed countries as evidenced by cases of AK all throughout the 
world. The first cases in America and Europe were in the mid-70s. In 1984, the first 
reported case of AK in Oceania was reported in a 19-year-old patient from Australia 
(Jackson et al., 1986). The first case reported in Africa was in 1990 in Mali (Resnikoff 
et al., 1991). More cases are reported every year. Figure 5 shows a comparison of 
reported cases of AK between 1987 and 2017 (Auran et al., 1987). It is assumed that 
AK and Acanthamoeba are present worldwide. However, the countries shown are the 
ones where evidence in the literature was found for AK.   
In the UK, 20 cases per million contact lens wearers occur. The incidence is thought 
to be higher than in other countries of the world (15 times the estimate for the United 
States and 7 times for Holland) due to the storage of domestic tap water (Kilvington 
et al., 2004; Radford et al., 2002). Country wise the incidence varies between 1-33 
cases per million, but it has been reported as high as 149 cases for the west of 
Scotland, increase which is normally attributed to the water systems (Malla & Goyal, 




Figure 5. Countries with reported cases of AK are coloured green. The countries where 
Acanthamoeba has been reported, but have no reported cases of AK are coloured pink. A) 
Shows the countries in which it was possible to find literature with reported presence of 
Acanthamoeba or AK in 2017. B) Shows the countries that had reported cases of AK in 1987 
as reviewed by Auran, Starr, & Jakobiec (1987). By 1987, Australia had already a reported 
case, but it was not included in the article. 
 Pathogenesis  
AK is a debilitating disease that presents challenges in diagnosis and treatment. 
Therefore, it is important to understand the pathogenic processes that happen during 
infection. A better knowledge of the pathogenesis and pathophysiology of AK should 
lead to better treatments and outcomes for patients (Lorenzo-Morales et al., 2015). 
 
 30 
Pathogenic strains regularly show greater thermotolerance, osmotolerance, growth 
rate, adhesion and immune response evasion (Clarke & Niederkorn, 2006; Lorenzo-
Morales et al., 2013; Siddiqui & Khan, 2012b). Pathogenesis of AK consists of three 
stages: adhesion, secretion of extracellular proteases and phagocytosis with cell 
death (Lorenzo-Morales et al., 2013).  
Adhesion of Acanthamoeba to the corneal epithelium is regulated by the mannose 
binding protein (MBP) which is a mannose-specific lectin (Alizadeh et al., 2007; 
Garate et al., 2004). The adhesion starts when MBP binds to the mannose 
glycoproteins of the epithelium of the cornea (Clarke & Niederkorn, 2006; Garate et 
al., 2006). The number of acanthopodia present in the organism also affects the 
binding to the epithelium. Pathogenic strains regularly have a significantly higher 
amount of acanthopodia.  Pathogenic amoebae tend to have over 100 acanthopodia, 
while non-pathogenic rarely have more than 20 (Khan, 2001). 
Once the amoeba binds to the epithelium, it starts producing specific proteases for 
invasion. Proteases play an important role in any Acanthamoeba infection, and in AK 
they start with the degradation of the cornea. Acanthamoeba produces three kinds of 
proteases: serine proteases, cysteine protease and metalloproteases. Pathogenic 
strains show a different and higher rate of protease activity than non-pathogenic 
varieties (Panjwani, 2010). It first produces a 133 kDa mannose dependent protease 
important in the destruction of the epithelium. This protease also exacerbates the 
release of other cytopathic factors (Leher et al., 1998). Once the amoebae have 
breached the epithelium, it produces other collagenolytic proteases capable of 
penetrating and degrading the stroma. It also produces other factors involved in 
corneal degradation such as elastases, phospholipases and a pore forming protein 
called acanthaporin (Lorenzo-Morales et al., 2015).  
Finally, Acanthamoeba phagocytes and produces cell death in the cornea through the 
action of amoebostomes (Siddiqui & Khan, 2012b). This process results in the 
destruction of the host cells. Also, Acanthamoeba is capable of inducing apoptosis in 
host cells (Alizadeh et al., 1994; Siddiqui & Khan, 2012b). 
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After invading the stroma, Acanthamoeba continues until reaching the endothelium, 
where it usually stops. In rare occasions, the infection becomes intraocular (Heffler et 
al., 1996). A simplified version of the pathogenesis of AK can be found in Figure 6. 
 
 Figure 6. Pathogenesis of AK. 1) Acanthamoeba binds to mannose glycoprotein through 
MBP. 2) Once bound, Acanthamoeba produces proteases to destroy the epithelium and 
enter the cornea.  3) Acanthamoeba keeps degrading tissue into the stroma through 
protease and phagocytosis. 4) Several organisms join around neurons and produce 
keratoneuritis. 5) Acanthamoeba stops before entering the endothelium. Adapted from 
(Clarke & Niederkorn, 2006; Lorenzo-Morales et al., 2015). 
Acanthamoeba cells regularly cluster around corneal nerves causing an inflammatory 
response of the nerves called keratoneuritis (Clarke & Niederkorn, 2006). The amount 
of pain of AK patients is not commensurate with the amount of cellular destruction. It 
is unclear why there is such a painful reaction, as it is not equivalent to other microbial 
keratitis. It has been speculated that the severe pain is a result of the chemotactic 
responses from Acanthamoeba interaction with nerve cells plus the effect of 
proteases that produce nerve damage (Clarke & Niederkorn, 2006). 
 Immunity 
Since inflammatory response in the cornea leads to impaired vision, this organ has 
evolved immune privilege, which means it can tolerate a certain amount of antigens 
without triggering an inflammatory response (Cursiefen, 2007). When infection 
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occurs, the immune privilege makes dealing with the parasites challenging. 
Acanthamoeba can trigger an adaptive response producing anti-Acanthamoeba 
antibodies. However, these antibodies are incapable of providing immunity inside the 
cornea (Alizadeh et al., 2001; Neelam & Niederkorn, 2017). 
Acanthamoeba is capable of producing an inflammatory response causing some of 
the symptoms of AK, as the immune response is problematic in the cornea. This 
response is characterized by macrophages and neutrophils being the primary cell 
types found surrounding trophozoites or cysts (Marciano-Cabral & Cabral, 2003; 
Mathers et al., 1987). Macrophages provide protection against Acanthamoeba 
infection in animals (Marciano-Cabral & Cabral, 2003). However, it seems 
Acanthamoeba can hide its antigens preventing macrophage function and lymphocyte 
response (Mathers et al., 1987). Meanwhile, neutrophils appear to play an important 
role in preventing Acanthamoeba from becoming an intraocular infection and 
producing endophtalmitis or retinitis (Clarke et al., 2005). 
Mucosal immunity in the eye also plays a significant factor against Acanthamoeba. 
However, when eye abrasions occur, the mucosal response includes the 
upregulations of mannosylated glycoproteins that lead to Acanthamoeba adhesion 
(Neelam & Niederkorn, 2017). 
  Diagnosis 
Diagnosis of AK is challenging, and misdiagnosis is common. The symptoms at the 
beginning stages of AK are very similar to those of viral, bacterial or fungal keratitis. 
The most commonly accepted means of diagnosis is confocal microscopy, as it is 
non-invasive and has high-sensitivity. However, confirmation through the cultivation 
of Acanthamoeba is required. Typically, isolation is performed from corneal biopsies 
or from contact lenses and their storage cases. Also, PCR and immunofluorescence 
are routinely used (da Rocha-Azevedo et al., 2009; Lorenzo-Morales et al., 2015).  
  Therapy 
There is no specific licensed treatment for AK. The recommended treatment by the 
NHS includes antiseptic drops (chlorhexidine 0.02%, propamidine isetionate 0.1% 
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and 0.02% polyhexamethylene biguanide) and can be supplemented with anti-
inflammatories and painkillers (Hospital, 2017; Titcomb & Jamieson, 2013). However, 
several other drugs and combinations of them are used. Some of the different drugs 
used for treatment are shown in Table 5. 
Treatment Reference 
Polyhexamethylene Biguanide (PHMB) (Larkin et al., 1992) 
Chlorhexidine with aromatic diamidines (Kosrirukvongs et al., 1999) 
Itraconazole with miconazole and 
ketoconazole (Ishibashi et al., 1992) 
Variconazole (Cabello-Vílchez et al., 2014) 
Corticosteroids (Park et al., 1997) 
Keratoplasty (Blackman et al., 1984) 
Table 5. List of different drugs used for the treatment of Acanthamoeba keratitis. 
Other experimental treatments have been studied due to the necessity of finding new 
and effective treatments. Some of these treatments are shown in Table 6. 
Treatment Reference 
Tigecycline (Jha et al., 2015) 
Terbium trinitrate 18-crown ether-6 (Kusrini et al., 2016) 
Lippia essential oils (Gomes de Amorim Santos et al., 2016) 
Tea tree oil (Hadas et al., 2017) 
Cellulase inhibitors (Moon et al., 2015) 
Table 6. List of several drugs and chemicals tested for amoebicidal effects in vitro as 
potential treatments against Acanthamoeba. 
Since most of the available treatments are not very effective, novel therapeutic 
approaches are required. The recently published Acanthamoeba genome provides 
potential new approaches to dealing with Acanthamoeba infections (Clarke et al., 
2013). In Mexico, a successful case received a combination of ultraviolet-A light (UV-
A) and riboflavin (Garduño-Vieyra et al., 2011). Khan later confirmed the effect of UV-
A light in the treatment of AK (Khan et al., 2011). Additionally, studies of 
“pharmaceutical phylogeny” are being performed in the hope of finding adequate 
treatments for AK (Lorenzo-Morales et al., 2016). Another option may be siRNA, 
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which could help elucidate new pathways and potential new targets for treatment 
(Martín-Navarro et al., 2013). 
Some have identified the cyst as the key towards the development of effective therapy 
against AK (Lorenzo-Morales et al., 2013). The presence of cyst leads to recurrent 
infection as they can survive the available treatments (Larkin et al., 1992; Turner et 
al., 2004).  
  Impact 
In the United States, there are around 930,000 visits for keratitis and contact lens 
disorders, of which 58,000 are emergencies. In 2010, these cases had an estimated 
cost of $175 million dollars in direct health care expenditure (Cope et al., 2015). 
Unlike other eye infections, the quality of life of AK patients is negatively affected. In 
a survey, patients consider that their overall physical health and their social 
functioning were affected by the infection (Carnt et al., 2015). 
1.7 Objectives of the project 
Acanthamoeba is a facultative pathogen found worldwide that has been steadily 
growing in importance. Therefore, the understanding of its biology and taxonomy is 
paramount when dealing with the amoebae, whether it is as a disease agent or as a 
member of the ecosystem. As the incidence of AK and bacterial infections related to 
Acanthamoeba rises, the importance of understanding the different aspects of 
Acanthamoeba biology become crucial. 
The project started with the objective of identifying potential antimicrobials from 
Acanthamoeba. By the end, this objective had branched out into three main goals. 
First, isolate and identify new strains of Acanthamoeba and new species of amoebae. 
It is important to work with recently isolated strains that keep the characteristics shown 
in the environment.  
Second, identify factors involved in Acanthamoeba encystment. One of the keys 
towards combating AK has been identified as the encystment, as it is the main reason 
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for the high persistence of infections (Lorenzo-Morales et al., 2015). A deeper 
understanding of the encystation process might allow developing new and more 
effective antimicrobials against AK. 
Finally, identify mechanisms through which Acanthamoeba feeds on bacteria for the 
characterisation of antimicrobial proteins. The close relationship between 
Acanthamoeba and some bacteria provides opportunities to identify factors and 
potential options for dealing with several pathogenic agents. In addition, focusing on 
eukaryotes as a source of bactericidal agents lowers the risk of lateral transfer and 





Chapter 2 Materials and Methods  
2.1 Culture media 
 Neff’s saline 
A modified version of Neff’s saline (NS) was used for Acanthamoeba isolation (Page, 
1967). It consisted of NaCl (0.60 g/5 L), MgSO4.7H2O (0.02 g/5 L), CaCl2.2H2O (0.02 
g/5 L), Na2HPO4 (0.71 g/5 L) and KH2PO4 (0.68 g/5 L).  
 AX2 media  
AX2 media was used for Acanthamoeba axenic culture. It consisted of Bacto trytone 
(14.3 g/L), yeast extract (7.15 g/L), glucose (15.4 g/L), Na2HPO4 (0.51 g/L) and 
KH2PO4 (0.486 g/L) with a pH of 6.5. This media was first used to culture Dictyostelium 
discoideum Ax-2 amoeba (Watts & Ashworth, 1970).  
 Lysogeny broth 
Lysogeny broth (LB media) was used to culture E. coli. It was prepared using 
Invitrogen’s Luria Broth Base following manufacturer’s instructions.  
 Vandamme media 
Vandamme media (VD media) was used to culture Arcobacter butzlerii. It consisted 
of special peptone (10 g/L), Lab Lemco powder (5 g/L), yeast extract (5 g/L), NaCl (5 
g/L), sodium succinate.6H2O (3.25 g/L), L-Glutamic acid-Na salt (2 g/L) and 
MgSO4.7H2O (2.01 g/L) with a pH 6.5.   
 2xTY media 
2xTY media was used for cultivation of transformed E. coli. It consisted of Bacto 
tryptone (10 g/L), yeast extract (5 g/L) and NaCl (10 g/L).  
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 Terrific broth 
Terrific broth was used for cultivation of transformed E. coli. It consisted of Bacto 
tryptone (12 g/L), yeast extract (24 g/L), glycerol (4 ml/L) in 900 ml ddH2O and 
autoclaved. Also, 0.17 M KH2PO4, 0.72 M K2HPO4 (2.31 g/L and 12.54 g/L 
respectively) in 100 ml of ddH2O were autoclaved. Once the temperature of the 
solution was below 60°C, they were mixed. Terrific broth mix (Melford) was also used 
for the preparation of TB media. 
 Neff’s encystment media  
Neff’s encystment media (NEM) was used to induce encystment (Neff et al., 1964b). 
It consisted of 0.1 M KCl, 8 mM MgSO4, 0.4 mM CaCl2, 1 mM NaHCO3, 20 mM 2-
amino-2-methyl-1,3-propanediol, pH 8.8. I. 2-amino-2-methyl-1,3-propanediol could 
be substituted with 10 mM Tris-HCl pH 8.0 with similar results. 
 Agar plates 
Agar plates were prepared from the different media as needed using 1.5% agar 
(Sigma-Aldrich).  
 Antibiotics 
Antibiotics were used when required by the experiment. The antibiotics and the 
concentration used in the experiments are shown in Table 7. All antibiotics were 
supplied by Sigma-Aldrich. 
Antibiotic Conc. (µg/ml) Application 
Ampicillin 100 Amoebae isolation and aLICator cloning 
Carbenicillin 50 Amoebae isolation and aLICator cloning 
Chloramphenicol 35 pLysS cells and Gateway cloning 
Kanamycin 50 Gateway cloning 
Table 7. Antibiotics used and their concentrations. 
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2.2 Bacterial Cultures 
 Escherichia coli 
E. coli were grown overnight in LB, 2xTY or TB depending on the purpose. Cultures 
were incubated at 37°C in an orbital shaker at 200 rpm.  
 Arcobacter butzlerii 
Arcobacter butzlerii were grown for 4 days at 30°C with VD media in microaerophilic 
culture done with a seal steel chamber and candles. Afterwards, cultures were grown 
at 30°C.  
 Bacteria cryopreservation 
Bacteria cultures were preserved in 20% glycerol and stored at -80°C. This was 
performed after growing a bacterial culture overnight. Later, cultures were grown until 
reaching logarithmic phase. The bacteria were centrifuged and the supernatant 
discarded. Fresh media with glycerol was added to the bacterial pellet and transferred 
to a cryogenic tube. The tubes were stored at -20°C overnight, before being 
transferred to -80°C. For continuous use, bacteria grown in liquid media were streaked 
in LB plates and stored overnight at 37°C. Plates were stored at 4°C. When new 
cultures were needed, a colony was selected and grown in liquid media in a rotating 
incubator at 37°C. 
2.3 Amoebae cultures 
Unless otherwise stated, amoebae cultures were grown at room temperature which 
was considered to be between 20 and 25˚C. 
 Amoebae isolation 
Amoebae isolation comes from environmental sampling and the different steps to 
obtain axenized cultures or co-cultures of a single strain of amoebae with E. coli.  
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  Environmental sampling 
Samples with organic material were collected from different environments. These 
environments comprised terrestrial and aquatic, which included lakes, rivers and sea. 
Samples were collected in Eppendorf tubes.  
  Acanthamoeba isolation 
Environmental samples were placed in plates containing NS agar covered with liquid 
NS. Plates were monitored using a microscope for the presence of amoebae. Once 
amoebae were observed, agar pieces were cut and placed in new plates seeded with 
E. coli. This step was repeated three to four times. After amoebae were observed, a 
new piece of agar was cut and passed to a new plate seeded with inactivated E. coli 
(60°C for 2 h). This step was repeated at least 3 times. Finally, a small piece of agar 
was cut and placed on a plate with AX2 media agar with ampicillin or carbenicillin. If 
the plate did not show contamination and amoebic growth was visible with a 
microscope, small pieces of agar were passed to liquid AX2 media with antibiotics. 
Finally, the culture was prepared for cryopreservation and long-term storage. A 
simplified diagram of the process is shown in Figure 7. 
 
Figure 7. Simplified diagram showing the process of Acanthamoeba isolation, from organic 
material to axenic culture. 
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  Isolation of amoeba different from Acanthamoeba.  
Environmental samples were placed on a plate containing NS agar covered with liquid 
NS. Plates were monitored using a microscope for the presence of amoebae. Once 
amoebae were observed, agar pieces were cut and placed in new plates seeded with 
E. coli. After amoebae were observed in the new plate, another piece of agar was cut 
and passed to a new plate seeded with E. coli. After several passes, when only one 
type of amoebae was visible, the amoebae were passed to 25 cm2 flasks with NS and 
E. coli. Later, the co-culture of amoebae and E. coli was prepared for cryopreservation 
for long-term storage. A simplified diagram of the process is shown in Figure 8. 
 
Figure 8. Simplified diagram showing the process of amoebae isolation in co-culture with 
E. coli. 
 Axenized Acanthamoeba cultures 
Acanthamoeba strains were grown with AX2 media at room temperature in T25 or 
T75 (25 or 75 cm2) Corning flasks depending on the experiment. For experiments 
where a high concentration of amoebae was required, Erlenmeyer flasks were used 
at 25˚ C with rotation. The propagation of cultures was done by serial passage. 
 Amoebae and E. coli co-cultures 
Isolated amoeba incapable of axenic growth, were cultivated in NS agar plates with 
E. coli lawns or in NS with suspended E. coli in T25 Corning flasks at room 
temperature. The propagation of cultures was done by serial passage. 
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 Amoebae cryopreservation 
Amoebae cultures were preserved in the proper amoebae media (NS for amoebae 
and E. coli co-cultures or AX2 for axenic cultures) with 10% DMSO and stored in 
cryogenic tubes at -80°C. First, the cultures were centrifuged and suspended in 
media. Later, the tubes were stored at room temperature for 2 h before being 
incubated at -20°C overnight. Finally, the cultures were stored at -80°C. 
2.4 Amoebae characterisation assays 
 Osmolarity tolerance assay 
When appropriate, isolated Acanthamoeba osmolarity tolerance was tested. 
Acanthamoeba was grown on NS agar plates with 0.5 M, 1 M and 1.5 M mannitol and 
seeded with E. coli lawns as previously described (Khan et al., 2001).  
 Thermotolerance assay  
When appropriate, isolated Acanthamoeba thermotolerance was tested. 
Acanthamoeba cultures were grown on NS agar plates seeded with E. coli lawns and 
incubated at different temperatures ranging from 25°C to 46°C as previously 
described (Khan et al., 2001). 
 Cyst thermotolerance 
When appropriate, isolated Acanthamoeba cysts’ thermotolerance was tested. 
Cultures were incubated in NEM until most cells had encysted. The cultures were 
centrifuged and the supernatant discarded. The cysts were resuspended in NS and 
incubated at 37°C, 45°C, 55°C, 60°C and 65°C for 10 min. The cysts were transferred 




 Cell viability by Trypan blue exclusion 
The viability of Acanthamoeba cells was determined by adding equal volumes (50 µl) 
of 0.4% Trypan blue (from Sigma-Aldrich) and Acanthamoeba suspension. 10 µl of 
the suspension were loaded into a haemocytometer. Dead cells take up the dye while 
live cells do not. Unstained and blue-stained cells in the grid were counted, and the 
concentration of cells was calculated considering the dilution factor (=2) and the 
correction factor (104). The percentage of viable cells was determined by dividing the 
number of viable cells by the total number and multiplied by 100. 
2.5 Microscopy 
 Optical microscopy 
Cultures and cells were observed and monitored using a Leica DM IRB inverted 
microscope. The microscope was plugged into a Canon EOS 1100D camera. The 
EOS utility software was used to record photographic evidence.   
 Time-lapse video microscopy 
Pictures were taken at regular intervals from amoebae and different stages to show 
encystment, locomotion, aggregation of cysts, etc. Time-lapse videos were created 
using the software VirtualDub using different conditions depending on the number of 
pictures and length of the video (Lee, 2005). 
2.6 Molecular Biology 
 Axenized  Acanthamoeba DNA extraction (Lorenzo-
Morales et al., 2005a) 
The DNA extraction from Acanthamoeba was performed following a modified phenol-
chloroform method. Acanthamoeba cultures were grown in a 25 cm2 culture flask to 
near confluence. The monolayer was disrupted so that cells were floating in the 
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media. A sample was taken and located in an Eppendorf tube. The sample was 
centrifuged for 10 min at 150 g and the supernatant discarded. The pellet was washed 
by resuspending it in NS and centrifuged again. The pellet was resuspended in 500 
µl lysis buffer (30 mM Tris-HCL pH 7.4, 5 mM EDTA, 100 mM NaCl pH 8.0, and 1% 
SDS) with 10 µl of proteinase K. The sample was incubated for 2 h at 60°C. 
Afterwards, the culture was heated to 95°C for 10 min to stop proteinase K activity. 
500 µl of buffered phenol were added and mixed gently. The sample was centrifuged 
for 10 min at 110000 g. The aqueous phase was transferred to a new tube. If the 
sample was cloudy, the sample could be treated again with phenol up to three times. 
Once the aqueous phase was transferred to a clean tube, 500 µl of chloroform were 
added and mixed gently. The sample was centrifuged for 10 min at 10000 g. The 
aqueous phase was transferred to a new tube where 500 µl of ice-cold Isopropanol 
and 100 µl of 3 M sodium acetate were added. The sample was mixed gently and 
incubated at -20°C overnight. The sample was centrifuged for 20 min at 10000 g, and 
the supernatant was discarded. The sample was left to dry and the pellet resuspended 
in 30 µl of ddH20. The DNA concentration was measured using a NanoDrop 2000 
(Thermo Fisher Scientific). 
 DNA extraction from not axenic amoebae (modified 
from Lorenzo-Morales et al., 2005) 
DNA extraction from co-cultures of amoebae and bacteria or yeast were performed 
with phenol chloroform method. The protocol was similar to DNA extraction from 
axenized Acanthamoeba, but the collection of the amoebae differed. Cells were 
scraped from agar plates seeded with E. coli and collected into an Eppendorf tube. A 
larger volume of sample was collected and centrifuged at a faster rate over a larger 
period of time (1500 g for at least 20 min or until the pellet formed) than axenic 
cultures, until a pellet was formed. Samples were washed with NS before adding the 
lysis buffer. The extraction was performed using the previously described phenol - 
chloroform method.  
 PCR for 18S rDNA amplification 
The 18S rDNA fragment was amplified by PCR for the identification of the isolated 
amoebae. The regular set of primers used were called Euk18S (Corsaro et al., 2010). 
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These primers amplified using an annealing time of 55˚C and an extension time of 2 
min. When the fragment did not amplify, other sets of primers that gave smaller 
fragments were used. JDP1 and JDP2 amplify the ASA.S1 diagnostic fragment 
(around 500 bp) and the CRN5 with the 1137 primers amplify the GTSA.B1 (around 
1400 bp). The ASA.S1 and full 18S gene were amplified when the strain showed 
morphological characteristics representative of Acanthamoeba. When the amoebae 
morphology showed a different genus from Acanthamoeba, the 18S rDNA was 
amplified using the same primers, but the smaller fragments were ignored. The PCR 
was performed with GoTaq Green Master mix (Promega) using 50 µl reactions. All 
primers were obtained from Sigma-Aldrich. 
Primer Fragment Species Approx. 
Size 
Sequence 
JDP1 ASA.S1 F Acanthamoeba 500 GGCCCAGATCGTTTACCGTGAA 
JDP2 ASA.S1 R Acanthamoeba 500 TGACTCCCCTAGCAGCTTGTGAGA 
CRN5 GTSA.B1 F Acanthamoeba 1500 CTGGTTGATCCTGCCAGTAG 
1137 GTSA.B1 R Acanthamoeba 1500 ATTGACGGAAGGGCAC 
Euk18sF 18S rDNA All amoebae 2000 GACTGGTTGATCCTGCCAG 
Euk18sR 18S rDNA All amoebae 2000 TGATCCTTTCGCAGGTTCAC 
Table 8. Primers for the amplification of 18S rDNA (Corsaro et al., 2015; Dyková et al., 1999; 
Schroeder et al., 2001; Weekers et al., 1994). 
When amplifying genes from co-cultures with amoebae and yeast, the gel had to be 
run for a longer period of time to separate amplicons with similar size in case the 
fragments from both organisms were amplified. If two amplicons were amplified, the 
bands had to be excised and purified. 
 Bacterial endosymbionts identification 
When bacterial endosymbionts were observed, the identification of the bacteria was 
performed by sequencing. DNA was extracted from amoebae culture, and PCR was 
performed to amplify the 16S rDNA fragment.  
The PCR reactions were performed using GoTaq Green Master Mix. The initial 
denaturation was done with 95°C for 5 min, followed by 35 cycles of 1 min 95°C 
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denaturation, 45 s 58°C extension, 2 min of 72°C elongation, finalizing with 7 min of 
72°C final elongation.  
 DNA electrophoresis 
Electrophoresis was run on a 1% agarose gel at 80 V with TAE buffer (Unless a 
different concentration was required). Gels were stained using Sybr-Safe (Sigma-
Aldrich). Track-it 100 bp ladder (Invitrogen) was used to determine the size of the 
fragments. 
 PCR fragment purification 
PCR fragments were purified using QIAquick PCR Purification Kit or QIAquick Gel 
Extraction Kit (QIAGEN) following manufacturer’s instructions.  
 DNA sequencing 
DNA sequencing was carried out by Edinburgh Genomics at The University of 
Edinburgh. It was performed using ABI 3730 capillary sequencing instruments. The 
sequencing was performed using the original PCR primers. When longer 18S rDNA 
amplicons were amplified, the primer 1137 was used to sequence the mid-part of the 
amplicon. 
2.7 Proteins 
 Protein precipitation 
Proteins were precipitated from Acanthamoeba culture supernatant by growing 500 
ml cultures and centrifugation to separate the media from the amoebae. Proteins were 
precipitated using 46% ammonium sulphate, which was added slowly to the sample 
while stirring. The solution was incubated with light stirring overnight at 4˚C. The 
sample was centrifuged at 3000 g for 15 min at 4˚C. The supernatant was discarded 
and the precipitated proteins resuspended in ddH2O. 
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 Protein dialysis 
After precipitation of the proteins, the samples were dialysed using Visking dialysis 
tubing size no. 1 (Medicell). Before loading the sample, the membrane was hydrated 
with ddH2O. Later, the protein was loaded into the membrane, and left overnight in 20 
mM Tris buffer at 4˚C.  
 Ion chromatography 
Chromatography was performed on separate excreted proteins from Acanthamoeba. 
The chromatography was performed using CM Sepharose Cation Exchanger or 
DEAE Sepharose Anion Exchanger (Sigma-Aldrich).  
A column was loaded with the suitable resin and equilibrated with buffer 0.5 M Tris at 
the desired pH overnight. Then, the column was equilibrated by running 1 L of 50 mM 
Tris buffer. The sample with the solubilized proteins was loaded into the column. The 
fractions were collected starting at this step. Once the sample settled, it was washed 
with four volumes of 50 mM Tris buffer. The column was eluted using a gradient 
solution starting with washing buffer and gradually increasing to 0.5 M KCl. Finally, 
the column was washed with 1 M KCl buffer.  
 SDS-PAGE protein electrophoresis 
Using a Bio-Rad “mini-Protean” system, SDS-PAGE electrophoresis was run using 
10% acrylamide resolving gels  that consisted in ddH2O (4.33 ml), 1.5 M Tris pH 8.8 
(2.5 ml), 30% acrylamide (3 ml), 10% SDS (100 µl), 10% APS (50 µl) and TEMED (20 
µl). The stacking gel consisted of ddH2O (6.1 ml), 0.5 M Tris-HCL pH 6.8 (2.5 ml), 
10% SDS (100 µl), 30% acrylamide (1.3 ml), 10% APS (50 µl) and TEMED (20 µl).  
Electrophoretic separation was carried out in electrode buffer (5X buffer consists of 
Tris base 15 g/L, Glycine 72 g/L and SDS 5 g/L). The sample was mixed with sample 
buffer (2X buffer consists of 1 ml of 1 M Tris pH 6.8, 2 ml glycerol, 2.5 ml β-
mercaptoethanol, 4 ml 10% SDS and 500 µl 1% bromophenol blue). Electrophoretic 
separation was carried out at 200 V until the sample dye reached the bottom of the 
gel. Unstained protein MW markers (Thermo Fisher Scientific) was used. Gels were 
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stained using Coomasie blue for 1 h and distained with distaining solution (containing 
10% acetic acid and 5% methanol). 
 Protease zymogram 
Protease zymograms were run using similar conditions to SDS-PAGE gels, with the 
addition of 0.1% fish gelatine (from Sigma-Aldrich) to the resolving gel. Gels were 
incubated gel with 2.5% Triton X-100; 50 mM Tris-HCl pH 7.0 for 1 h and then 
overnight in 50 mM Tris-HCl pH 7.0, 2 mM CaCl2 at room temperature with continuous 
shaking. Gels were rinsed and stained with Coomasie stain. After one hour, the gels 
were distained with distaining solution.  
  Protease inhibitors 
Protease inhibitors where used before running the protease zymogram to classify the 
proteases. The following protease inhibitors: phenylmethylsulfonyl fluoride (PMSF), 
EDTA (not an actual protease inhibitor, but a metal ion chelator that can inhibit some 
proteases) and benzamidine. 
 Antimicrobial zymogram 
Overnight cultures of E. coli or A. butzlerii were grown in their respective media. 6 ml 
of bacterial culture were centrifuged (10000 g for 2 min). The supernatant was 
discarded. The remaining bacteria were resuspended in 1 ml of ddH2O. An SDS-
PAGE gel was prepared, but 1 ml of ddH2O was substituted with the bacterial mix. 
Electrophoretic separation was carried out at 200 V at 4˚C until the sample dye 
reached the bottom of the gel. Gels were incubated gel with 2.5% Triton X-100; 50 
mM Tris-HCl pH 7.0 for 1 h and then overnight at in 50 mM Tris-HCl pH 7.0, 2 mM 
CaCl2 at room temperature with continuous shaking. Gels were rinsed and stained 




 Cellulase zymogram (modified from Willis, 
Klingeman, Oppert, Oppert, & Jurat-Fuentes, 2010) 
Cellulase zymograms were run using similar conditions to SDS-PAGE gels, with the 
addition of 0.2% carboxymethyl cellulose (from Sigma-Aldrich) to the resolving gel. 
Electrophoretic separation was carried out at 100 V at 4˚C until the sample dye 
reached the bottom of the gel. Gels were washed 5 times for 6 minutes in 50 ml of 
wash buffer containing 0.1 M sodium succinate, 20 mM β-mercaptoethanol, pH 5.8. 
Gels were incubated in wash buffer for 30 min and stained with Congo red for 10 to 
15 min. Gels were distained with 1 M NaCl solution.  
 Amylases zymogram (modified from Upadhyay, 
Sharma, Pandey, & Rajak, 2005) 
Amylase zymograms were run using similar conditions to SDS-PAGE gels, with the 
addition of 1.5 mg/ml of starch to the resolving gel. Electrophoretic separation was 
carried out at 100 V at 4˚C until the sample dye reached the bottom of the gel. Gels 
were washed for 10 min with buffer containing 2% Triton X-100, in 50 mM Tris pH 7.4 
and slight agitation. Gels were washed for 10 min with buffer containing 50 mM Tris 
pH 7.4. Gels were incubated for 3 h in substrate buffer containing 0.3 g CaCl2, 0.01 g 
NaCl, 0.3 g NaN3, 0.5 ml Triton X-100 in 50 ml of 50 mM Tris buffer pH 5.5. Gels were 
stained with lugol iodine (50 ml were prepared with 0.1 g KI and 005 g I2) for 5 min. 
Gels were rinsed and distained with H2O. 
 Pectinase zymogram (modified from van Dyk, Sakka, 
Sakka, & Pletschke, 2010) 
Pectinase zymograms were run using similar conditions to SDS-PAGE gels, with the 
addition of 0.1% pectin (from Sigma-Aldrich) to the resolving gel. Electrophoretic 
separation was carried out at 100 V at 4˚C until the sample dye reached the bottom 
of the gel. Gels were washed for 10 min with buffer containing 2.5% Triton X-100, in 
50 mM Tris pH 7.4 and slight agitation. Gels were washed for 12 h with buffer 
containing 50 mM Tris pH 7.4 and 0.1 mM to 0.5 mM CaCl2 at 37˚C. Gels were stained 
using 0.05% Ruthenium Red for 1 h, rinsed and distained with water. 
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2.8 Cloning of Acanthamoeba proteins 
Cloning was performed with two different cloning systems following manufacturer’s 
instructions: Gateway Cloning (supplied by Thermo Fisher Scientific) and aLICator 
Cloning and Expression System (supplied by Thermo Fisher Scientific). Two proteins 
were selected for cloning in different cloning systems: a protease and a lysozyme.   
The simplified cloning process for both systems is presented in Figure 9. 
 
Figure 9. Activities diagram for cloning. 
 RNA extraction 
Extraction of RNA was performed with RNeasy Mini Kit (QIAGEN) following 
manufacturer’s instructions. The RNA was extracted under different circumstances 
depending on the purpose of the experiment. 
 Reverse transcription polymerase chain reaction (RT -
PCR) for cDNA libraries 
RT-PCR was performed to obtain cDNA from total RNA obtained from amoebic 
cultures. RNA was incubated with OligoDTs at 70˚C for 5 min. Afterward, m-MLV 
Reverse transcriptase was used at 42˚C for 1 h. cDNA was used for amplification of 
different genes with standard PCR. Actin was used as a positive control. All reagents 





















 aLICator cloning and expression system 
The aLICator Cloning and Expression System (Thermo Fisher Scientific) was used 
with the pLATE52 plasmid according to manufacturer’s instructions. The gene cloned 
in the vector was the 33 kDa protease referred to as Protease 33. This plasmid was 
selected because it carries a 6xHis Tag and a cleavage site denominated as WELQut 
to separate the protein from the 6xHis-tag. A map of the construction built for the 
protease is found in Figure 10. 
The transformation was performed using E. coli BL21 DE3 strain and BL21 Rosetta II 
pLysS strain. 
 
Figure 10. Map of the construction of Protease 33 using pLATE52. Map created for aLICator 
system where the red line represents the inserted fragment using SnapGene. 
 Gateway system 
Gateway System (Thermo Fisher Scientific) was used for cloning. The genes cloned 
into the vectors were Protease 33 and the Acanthamoeba lysozyme. Primers were 
designed to include the proper attb1 and attb2 sites. First, the amplicon was cloned 
into the pDONR221 plasmid for sequencing and storage. Transformation using this 
plasmid was made into DH5α strain. The cloning of the fragment into the pDONR221 
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generated the plasmids pENTR+Prot33 (for the protease) and pENTR+Lys (for the 
lysozyme).  
Once the pENTR+Prot33 and pENTR+Lys were obtained and sequenced, it was 
cloned with the LR reaction of the Gateway system into the pDEST17 (6xHis-tag), 
and a laboratory assembled plasmid denominated pDEST-MBP (6xHis-tag plus 
Maltose Binding Protein). Afterward, the pDEST17+Prot33 and pDESTMBP+Prot33 
plasmids were transformed into DH5α E. coli strains following manufacturer’s 
instructions. The plasmid was extracted, and cloned into E. coli BL21 DE3 strain and 
BL21 Rosetta II pLysS strains for expression. Maps for the constructions with the 
pENTR and pDEST17 vectors and the proteins can be found in Figure 11 and Figure 
12. 
 Competent cells 
Preparation of competent cells was performed following the calcium chloride method. 
E. coli culture was grown overnight. 10 ml of fresh media were inoculated the following 
day and incubated at 37 ˚C in a rotating incubator until it reached logarithmic phase 
(OD 600 nm between 0.5 and 1 absorbance). The culture was incubated on ice for 10 
min and centrifuged at 150 g for 5 min at 4˚C. The cells were gently resuspended in 
half the original volume of ice-cold 100 mM Ca2+Cl2 and incubated on ice for 40 min. 
The sample was centrifuged again, and the pellet was resuspended in 10% of the 
original volume of 100 mM Ca2+Cl2. For long-term storage of the competent cells, 50% 





Figure 11. Maps of the constructions of the ENTRY and Expression vectors for Protease 33 





Figure 12. Maps of the construction of the ENTRY and Expression vectors for 
Acanthamoeba lysozyme using Gateway system. The red line represents the inserted 




The plasmid was mixed with 100 µl of competent cells. The cells were incubated for 
30 min on ice and heat-shocked for 1 min at 42˚C. The cells were returned to the ice 
for one minute. One volume of growth media (2xTY or LB media) was added to the 
cells and incubated at 37˚C for 2 h. The culture was spread on LB agar plates with 
the proper antibiotic and left to grow overnight at 37˚C. 
 Plasmid extraction 
Plasmid extraction was performed from overnight cultures. The extraction was 
performed using the QIAprep Spin Miniprep kit (QIAGEN) following manufacturer’s 
instructions.  
 Colony PCR 
Every time a transformation was performed, several colonies were selected. The 
colonies were picked and dissolved in 50 µl of ddH20. 45 µl were taken and put in 
bijou tubes with 2 ml of culture media and the selection antibiotic. The reaction was 
performed similar to a standard PCR, substituting the DNA with the 5 µl of the leftover 
dissolved colony, and with a 10 min denaturation cycle at the beginning to break down 
the bacteria. The reaction was performed in 50 µl reactions using GoTaq Green 
Master Mix.  
2.9 Encystment experiments 
 Encystment induction 
Encystment was induced using NEM (Neff et al., 1964b). Media from confluent 
cultures was discarded before washing the monolayer with PBS. Enough NEM to 
cover the culture was added. The cultures were incubated at room temperature. 
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 Encystment rate experiments 
NEM was added to different cultures to compare their encystment rates. At different 
time points, pictures were taken in triplicates. Trophozoites and cysts in the pictures 
were counted, and an “encystment curve” for the different strains was created.  
 Conditioned media (CM) for encystment 
NEM media was used to encyst cultures of Acanthamoeba. After four days, the 
cultures were collected and centrifuged. The supernatant was collected and used as 
the conditioned media.  
 Microscope cell counts during encystment 
Encystment dynamics experiments were performed taking pictures at differing time 
points with different treatments. Afterwards, the cells were counted differentiating 
trophozoites from cysts. All rounded cells were considered cysts regardless of their 
stage of encystment.  
The strains used for the different experiments included Neff, Neff 42 cycles (42C), 
Neff 47 cycles (47C), 53, 61 and 64. 42C and 47C are strains of Neff where viable 
cysts have been selected with SDS with the number indicating how many cycles the 
strain has been subjected to.  
 Spectrophotometric measurements for encystment 
Samples were stained with Congo red to compare the encystment dynamics of three 
different treatments including trophozoites in AX2, NEM and conditioned media during 
four days. 1.5 ml of each sample were centrifuged and incubated with 100 µl of 1 mM 
Congo red for 10 min. The samples were washed with NS on two occasions. The 
samples were centrifuged and resuspended in 1 ml of NS. The samples were 
measured using a spectrophotometer at a wavelength of 495 nm.  
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 Spectrofluorometric measurements for encystment 
Katy McCalister performed all spectrofluorometry experiments as part of her 
dissertation which I co-supervised in the laboratory (McCalister, 2015).  
PerkinElmer LS55 Luminescence Spectrometer and Backlight Development software 
were used to determine fluorescence intensity in samples of cysts and pseudocysts. 
Mature cysts were prepared as previously described. Pseudocysts were prepared 
using NS with 10% methanol.  
Samples were centrifuged, and the supernatant was discarded. Then, the pellet was 
resuspended in 1 ml buffer solution (20 mM Na-acetate pH 4.5 and Tris pH 6.0). 
Samples were incubated with 0.1 ml of 1 mM calcofluor white for 10 min. Samples 
were centrifuged and resuspended in 3 ml buffer. Measurements were taken using a 
quartz cuvette at 355 nm excitation and 442 nm emission with 2.5 nm slit widths. 
 Pseudocyst induction 
Pseudocysts were induced using fresh amoebae culture and adding NEM with 10% 
methanol (Kliescikova et al., 2011b). The cultures were incubated at room 
temperature and monitored for the first three hours.  
2.10 Bioinformatics 
 Basic local alignment search tool (BLAST) 
A nucleotide BLAST was performed using the NCBI database 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) with the obtained sequences (Altschul et al., 
1990). The results were analysed to identify the species. 
 Alignments 
Sequences were obtained by sequencing, GenBank and AmoebaDB (Aurrecoechea 
et al., 2011; Clark et al., 2016). Sequences were trimmed using MEGA 7. Alignments 
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were performed using MEGA 7 and the Muscle algorithm (Kumar et al., 2016). When 
needed, alignments were also created with Seaview 4.0 ClustalW to verify the results 
(Gouy et al., 2010).  
 Phylogeny tree 
Phylogeny trees were constructed using a variety of software. First, they were 
performed using MEGA 7 constructing for maximum likelihood using the Kimura 2 
parameter method bootstrapped between 100 and 500 replicates depending on the 
number sequences analysed (Kumar et al., 2016). These results were verified using 
Seaview 4.0 using the PhyML algorithm and the GTR model (Gouy et al., 2010). The 
non-parametric analysis was performed with 100 pseudo-replicates. When creating 
phylogenetic trees, species from different genera were used as outgroups to root the 
trees.  
Bayesian inference was also used to create phylogenetic trees using MrBayes 
(Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003). The model used 
was the GTR substitution model with gamma-distributed and Markov chain Monte 
Carlo (MCMC) algorithms. The analysis started with 20000 generations, but new 
generations were added until reaching a standard deviation of split frequencies below 
0.01. However, when performing analysis with a higher number of sequences and the 
standard deviation was unable to reach 0.01, the cut-off used was 0.05. 
 Sequence identity 
The calculation of the sequence identity was performed using the software BioEdit 
(Hall, 1999). Results were compared to those from phylogeny trees. Sample 
comparisons with a similarity above 0.95 were highlighted.  
 Construction maps 
Vector maps were created using SnapGene. For construction using the aLICator 
system, the In-Fusion function was used. For constructions using the Gateway 
system, the proper cloning function was used.  
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 Hydropathy plots 
Exploration of selected proteins to identify hydrophobic domains was performed using 
Membrane Protein Explorer (MPEx) software (Snider et al., 2009).  
2.11 mRNAseq analysis 
mRNAseq was performed to measure gene expression at four different time points 
during the encystment process: 0, 24, 48 and 72 hours after incubation with NEM. 
Strain 53, belonging to A. castellanii genotype T4, was used for the experiments. The 
cultures were grown in T25 flasks until confluent. Once confluent, the cultures were 
washed with PBS and NEM media was added to the culture. Cultures for 0 h treatment 
were immediately used for RNA extraction as previously described. The other cultures 
were incubated in NEM at room temperature until RNA extraction. 
 Sample quality control and quantification 
Quality control was tested two different ways. First, agarose gels were run to observe 
the quality of the samples through comparison of ribosomal RNA following Edinburgh 
Genomics’ guidelines. Second, QUBIT RNA BR (Broad-Range) Assay Kit (Thermo-
Fisher Scientific) was used to quantify and test sample quality following 
manufacturer’s instructions. Raw data quality control was performed using FASTQC 
(Andrews, n.d.).  
 Sequencing 
Libraries were prepared for an automated TruSeq stranded mRNAseq from total RNA. 
The sequencing data generation was made with HiSeq-4000 75PE. These 
experiments were carried out by Edinburgh Genomics, The University of Edinburgh. 
Edinburgh Genomics is partly supported by core grants from NERC (R8/H10/56), 
MRC (MR/K001744/1) and BBSRC (BB/J004243/1). 
Diagrams explaining the process of mRNAseq are shown in Figure 13 and Figure 14. 
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 Mapping to reference genome 
The reference genome (FASTA and GTF files) from A. castellanii was obtained from 
ENSEMBL Protists (Clarke et al., 2013; Kersey et al., 2017). The genome was 
indexed using STAR software. Later, the reads were aligned to the reference genome 
using STAR to obtain the required BAM files (Dobin et al., 2013). The alignments and 
the BAM files were visualised using SAMtools and IGV to verify the quality of the 
results (Li et al., 2009; Robinson et al., 2013). 
 Differential expression analysis 
The differential expression analysis was performed using R studio and EdgeR 
(Robinson et al., 2009). A summary flowchart of the mRNAseq experiments can be 
found in Figure 13. The script used for the differential expression analysis can be 
found in Appendix 4.  
Counts per gene were generated using featureCounts software with reverse stranded 
reads (Liao et al., 2014). The data was normalised using the trimmed median of M 
values or TMM (Robinson & Oshlack, 2010). Then, data was filtered applying counts 
per million (CPM) threshold of 0.1. The dispersion was estimated assuming that 
biological coefficient variation is constant. Later on, dispersion fitted to generalised 
linear models using the quasi-likelihood approach recommended by the EdgeR’s 
authors. 
The differential expression analysis was performed using Limma’s “makeContrasts” 
and “topTags” functions (Ritchie et al., 2015). Differentially expressed genes were 
found using criteria of a fold change of 2 (Log2FC of 1) and an FDR threshold of 0.05. 
Genes of interest were selected.  
Finally, differential gene expression set was performed using Generally Applicable 
Gene-set Enrichment (GAGE) obtaining the pathways for Acanthamoeba from the 
KEGG pathway gene sets (Luo et al., 2009). 
The methods used are preferably used for paired groups, so most of the analysis was 


















Chapter 3 Acanthamoeba biodiversity and 
phylogeny 
3.1 Introduction 
Biodiversity refers to the variety of living organisms and the different genetic 
compositions present throughout the world and history. The study of biodiversity is 
essential for several reasons, including the understanding of other areas of Biology 
such as Ecology, the formulation of public policy and the development of economic 
growth based on biotechnology (Bradley & Marciano-Cabral, 1996). The study of 
biodiversity is particularly important for amoebae since they are not monophyletic, 
therefore, in many cases, there is no phylogenetic relation. Amoebae present a vast 
range of characteristics since they are such a diverse group of organisms. The visual 
identification of amoebae can be very challenging because of their polymorphic 
bodies.  
Figure 15 shows the different groups of amoebae in relation to each other and some 
of the most important groups of eukaryotes (Baldauf, 2008). It shows how amoebae 
are as diverse as most groups of Eukaryotes together, which can be appreciated for 
example by Amoebozoa being more closely related to animals than to other amoebae. 
All the amoebae can be classified into five major lineages Amoebozoa, Rhizaria (most 
are amoebae), Heterolobosea, Labyrinthula and Nucleariid amoebae (Brown & 
Silberman, 2013). 
 Amoebozoa 
Amoebozoa consist of naked and testate amoebae and some other groups such as 
flagellates, Mycetozoa and Variosea. A simplified tree of the main groups forming 
Amoebozoa groups is presented in Figure 16. This section focuses on naked lobose 
amoebae, specifically Acanthamoeba. However, other representatives of Amoebozoa 




Figure 15. Summarized history of eukaryotes. The orange groups include amoeboid 
organisms.  Modified from (Baldauf, 2008; Brown et al., 2012; Horn et al., 2007; Medina et 
al., 2003; Suga et al., 2013). 
 
Figure 16. Relations between major groups of Amoebozoa. Modified from (Smirnov et al., 
2011). It divides the lobose and conose amoebae. It also shows a representative genus from 
each major group. 
 Genus Acanthamoeba 
Acanthamoeba is a cosmopolitan organism of importance to human health. The 
identification of different strains of Acanthamoeba helps with the understanding of the 
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biodiversity of amoebae, and it is important to the understanding of amoeba-bacteria 
relations (Walochnik et al., 1999).  
Acanthamoeba is one of the most extensively studied amoebae. According to their 
morphology, they are divided into three morphogroups: I, II and III (Pussard & Pons, 
1977). They have also been divided into 20 genotypes: T1 to T20 (Corsaro et al., 
2015). The relationship between morphogroup, genotype and species is slightly 
confusing. In some cases, there are several species within a single genotype; in 
others, one species name is used for different genotypes. The classification of 
Acanthamoeba strains is based on the sequence of the small subunit 18S rDNA 
(SSU) gene (Corsaro et al., 2015; Corsaro & Venditti, 2011).  
 Chapter objectives 
The study of Acanthamoeba diversity and phylogeny can help develop a more 
congruent, precise and comprehensive classification that can help better understand 
their biology. The identification of new strains of Acanthamoeba is particularly 
important since infections occur from environmental samples. Phenotypes grown 
axenically for long periods change, making the continuous isolation of environmental 
samples imperative.  
3.2 Materials and Methods 
A diagram of the materials and methods used is shown in Figure 17. A more detailed 




Figure 17. Diagram of methods used in Chapter 3 for the isolation and identification of 
environmental Acanthamoeba strains. 
BLAST analysis was performed to compare the obtained sequences to the databases 
to perform the species identification. Afterwards, the sequences were aligned with 
other isolated samples and the sequences obtained from the database AmoebaDB 
(Aurrecoechea et al., 2011). Finally, the alignments were used to create the phylogeny 
trees. Since there are several methods to create these trees, three of the most 
common software were used to compare the results: MEGA, Seaview and MrBayes.  
3.3 Results 
Amoebae were isolated from different environments including fresh water, seawater, 
soil and organic material. Most of the samples were collected in Scotland. A summary 
of the Acanthamoeba strains used in this study including isolated and previously 
axenized strains is shown in Table 9.  
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Strain Species Isolation location Specific Substrate Isolated by Coordinates 
NSS Acanthamoeba castellanii Isle of Skye  North coast Marine de Obeso 57°41'36.7"N 6°18'10.9"W 
FF Acanthamoeba lenticulata Isle of Skye  Fairy Pools Aquatic de Obeso 57°15'01.1"N 6°15'29.9"W 
BC Acanthamoeba lenticulata Baja California Sur R. del Vizcaino Lake bank de Obeso 27°17'49.3"N 112°53'54.4"W 
GS Acanthamoeba castellanii Edinburgh George Square Soil Koutsagiannis 55°56'38.8"N 3°11'20.1"W 
G5 Acanthamoeba castellanii Edinburgh George Square Soil Rodriguez 55°56'38.8"N 3°11'20.1"W 
53 Acanthamoeba castellanii Edinburgh Silverburn Soil de Obeso 55°49'57.5"N 3°15'41.6"W 
60 Acanthamoeba royreba Previously isolated and axenized. No match to existing genotype   
61 Acanthamoeba palestiniensis Previously isolated and axenized. ATCC 30870  
63 Acanthamoeba polyphaga Previously isolated and axenized. ATCC 50372   
64 A. castellanii (Strain Galka) Previously isolated and axenized. ATCC 50496  
65 Acanthamoeba divionensis Previously isolated and axenized. ATCC 30137   
Table 9. Acanthamoeba strains used for this study.  
 
Figure 18. Small fragment of sequence differences between isolated Acanthamoeba species from the diagnostic ASA.S1 fragment. Strains FF and BC 




 Acanthamoeba phylogeny and evolutionary trees  
Ten different strains from Acanthamoeba were obtained and analysed. Of these, 
seven samples represented T4 genotype morphogroup II including the most 
commonly used laboratory strain known as Neff. The other three sample were 
members of morphogroup III with two belonging to genotype T5 and one to T2. The 
phylogenetic studies (Figure 19) corroborate the strain identification performed by 
BLAST analysis. The sequences used for the analysis can be found in Appendix 3.  
Seq-> 53 60 63 64 BC FF G5 GS Neff NSS 
53 ID 0.842 0.938 0.935 0.79 0.811 0.981 0.962 0.957 0.941 
60 0.842 ID 0.849 0.849 0.779 0.801 0.853 0.833 0.831 0.849 
63 0.938 0.849 ID 0.975 0.798 0.821 0.946 0.926 0.922 0.946 
64 0.935 0.849 0.975 ID 0.796 0.819 0.946 0.923 0.919 0.943 
BC 0.79 0.779 0.798 0.796 ID 0.972 0.798 0.785 0.779 0.792 
FF 0.811 0.801 0.821 0.819 0.972 ID 0.821 0.801 0.803 0.815 
G5 0.981 0.853 0.946 0.946 0.798 0.821 ID 0.966 0.963 0.946 
GS 0.962 0.833 0.926 0.923 0.785 0.801 0.966 ID 0.958 0.943 
Neff 0.957 0.831 0.922 0.919 0.779 0.803 0.963 0.958 ID 0.941 
NSS 0.941 0.849 0.946 0.943 0.792 0.815 0.946 0.943 0.941 ID 
Table 10. Sequence identity matrix of Acanthamoeba isolates using full SSU sequences. 





Figure 19. Phylogenetic tree for isolated strains of Acanthamoeba based on the full 18S 
rDNA gene. a) Phylogenetic tree using maximum likelihood method using MEGA 7. b) 
Phylogenetic tree using PhyML with the GTR model and 100 bootstraps using Seaview. c) 
Phylogenetic tree using Bayesian inference and 20000 simulated generations with Pent 








Figure 20. Phylogenetic tree of Acanthamoeba spp. based on the full 18S rDNA gene. The 
tree was created using 214 strains obtained from GenBank database and 10 sequences 
from isolated strains for this study. Sequences’ names obtained from the database are 
missing for clarity, while isolated strains are marked. Clades are marked according to their 
genotype. The numbers in parenthesis refer to the amount of sequences included in each 
clade. The tree was created using PhylML with the software Seaview with model GTR and 
100 bootstraps. Some of the submissions from GenBank had to be deleted since they did 





Figure 21. Phylogenetic tree of Acanthamoeba spp. based on the ASA.S1 fragment. The tree 
was created using 216 strains obtained from GenBank database and 10 sequences from 
isolated strains for this study. Sequences’ names obtained from the database are missing 
for clarity, while isolated strains are marked. Clades are marked according to their 
genotype. The numbers in parenthesis refer to the amount of sequences included in each 
clade. The tree was created using PhylML with the software Seaview with model GTR and 
100 bootstraps. Some of the submissions from GenBank had to be deleted since they did 
not align with the rest of the samples. 
Phylogenetic trees created using the ASA.S1 and full 18S present clear clades. In 
both Figure 20 and Figure 21, the clades that can be clustered mainly belong to the 
same morphogroups. Genotypes T5, T10, T12 and T15 from morphogroup III are 
evolutionarily close. Meanwhile, the closest genotypes to T4 are T3, T11 and T19, 
which all belong to morphogroup II. Genotypes T7, T8 and T9 from morphogroup I 
are clustered in the same clade. However, there are not many records belonging to 
this group.  
A quick search in GenBank for 18S genes from Acanthamoeba shows over 3000 hits. 
However, not all of them are complete or even belong to Acanthamoeba. The 
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information was filtered to include only records belonging to protists with an 
approximate size close to the full gene (between 1500 and 3000 were selected) which 
lowered the number of hits to 250. Of the resulting records, 216 sequences could be 
trimmed to isolate the ASA.S1 fragment, while 214 fragments had most of the SSU 
fragment. The trimming selection process was performed to have the most 
comparable trees between alignments.  
The topology between phylogenetic trees varies slightly. However, topologies from 
trees obtained using the three methods are very similar. 
 Genotype identification of environmental isolated 
strains 
The isolated species seem to group accordingly to the results of the higher 
phylogenetic analysis. A large group includes all strains belonging to the T4 genotype, 
and a smaller clade includes BC and FF, which belong to the taxon A. lenticulata and 
a T5 genotype. Strain 60 belongs to the T2 genotype separate from the others. T 
According to BLAST search and analysis of the ASA.S1 fragment, strain 60 was 
classified in the T2 genotype. However, analysis of the full SSU and reconstruction of 
phylogeny by PhyML places strain 60 in a cluster including T10 and T12 genotypes 
and isolated from T2. The sequence identity matrix in Table 10 confirms this data. 
 Thermotolerance and osmotolerance of BC strain 
Strain BC belongs to the genotype T5 also known as A. lenticulata and it was 
observed that it was capable of surviving at higher temperartures than the other 
strains. Pathogenic amoebae are normally capable of surviving at higher 
temperatures (37 ˚C) and salinity. The isolated strain was able to survive at 37˚C, up 
to 42˚C, for over 48 hours, which would be the first indication of possible 
pathogenicity, therefore further testing was required. However, the same strain was 
unable to survive in NS agar supplemented with mannitol, making it highly unlikely to 
be pathogenic. Initial experiments showed that BC strain grows faster for the first 24 
h at 37 ˚C, and it levels off with room temperature growth afterwards. BC was even 
able to grow for some time at 42˚C, however at a slower rate than room temperature 
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and 37˚C. Results for growth at different temperatures over 48 hours can be seen in 
Figure 22. 
 
Figure 22. BC strain temperature growth comparison. Growth of BC strain after 24 and 48 
hours at room temperature, 37˚C and 42˚C. The measurements shown are the average 
number of cells observed in six pictures from different cultures from each treatment. The 
error bars represent the standard error of the mean. 
3.4 Discussion 
Classification of Acanthamoeba used to rely on morphological characteristics and 
isoenzymes (Jonckheere, 1983). However, it is clear that morphological identification 
of amoebae is inadequate. For example, in the case of Acanthamoeba, it has been 
established that morphogroups II and III sometimes could not be distinguished 
morphologically (Visvesvara, 1991). Due to previous misidentification, there is still 
confusion and constant changes in Acanthamoeba systematics. Several studies have 
been published trying to make sense of all the conflicting information and looking to 
present a more congruent phylogeny for Acanthamoeba (Corsaro et al., 2015, 2017; 
Corsaro & Venditti, 2011; Jonckheere, 1983; Stothard et al., 1998; Visvesvara, 1991). 
However, it still is challenging to work through all the synonyms and inaccuracies 
present. For example, Liu showed that four species (A. paradivionenesis, A. 
divionensis, A. mauritaniensis and A. rhysodes) were synonyms and belonged to only 
one species (Liu et al., 2005). Additionally, some species names have routinely been 
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used to refer to different genotypes. One such case is A. castellanii that has members 
in genotypes T4 and T1. Even more, A. castellanii T1 has been reported as a member 
of morphogroups II and III while members of genotype T4 belong to morphogroup II 
(Stothard et al., 1998; Visvesvara, 1991). 
The phylogenetic trees were congruent regardless of the approach, whether using 
maximum likelihood, PhyML or Bayesian inference. The clades remain similar 
throughout the different analysis. Some samples seemed to be in the wrong clade 
according to their species name, but this is likely due to an incorrect classification 
(Corsaro et al., 2015; Corsaro & Venditti, 2011; Stothard et al., 1998; Visvesvara, 
1991). There are several instances of strains misidentified that belong to genotype T4 
but were identified with species names belonging to other genotypes. Some such 
misidentified strains according to the phylogenetic trees in Figure 20 and Figure 21 
belong to the T4 clade are identified as: A. culbertsonii (1X time), A. hatchetii (3x), A. 
palestiniensis (1X). 
 Comparison of the full 18S SSU rDNA or ASA.S1 
fragment as means of species identification 
It has been shown that the ASA.S1 fragment for Acanthamoeba identification is 
insufficient (Corsaro et al., 2015). However, the previous prevalence and lack of 
consistency in the databases make it a valuable tool for a quick and straightforward 
approach. However, the full gene still needs to be sequenced and compared for 
adequate identification (Corsaro et al., 2015). The GTSA.B1 (~1600 bp) should be the 
minimum requirement to make species identification, and the full SSU is still 
preferable as there can be variability throughout the whole gene (Schroeder 2001). 
However, ASA.S1 is the most widely available in databases (Corsaro & Venditti, 
2011). This is corroborated by a quick search through GenBank which has almost 
2000 records of 18S rDNA of the proper size for the ASA.S1 fragment. Only 10% of 
the records are close to the whole gene in size, or at least the GTSA.B1 required for 
adequate genotyping (Schroeder-Diedrich et al., 1998; Schroeder et al., 2001). 
The similar results originating from the ASA.S1 and the full SSU phylogenetic trees 
show the value of the diagnostic fragment (Corsaro et al., 2010). However, the 
ASA.S1 value is limited besides diagnosis. It should stay as a diagnostic tool and 
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should not be incorporated as evidence for new taxa. The use of such fragment for 
genotyping and identification should be avoided since it can be inaccurate and the 
constant use of incomplete and unreliable data only increases confusion (Corsaro et 
al., 2015). This confusion is evident when creating phylogenetic trees, as there are 
prominent cases of species misidentification throughout.  
One of the few advantages of using the ASA.S1 fragment is the number of sequences 
available. However, there is enough information to use the full SSU instead of the 
ASA.S1 fragment. There is a considerable difference in the amount of data for the 
ASA.S1 fragment compared to the full SSU (around 10 to 1 records in GenBank). 
However, the full SSU has been sequenced and reported for all genotypes, and the 
information has proven to be enough for phylogeny studies (Magnet et al., 2015). 
Even more, after alignment and selection of sequences of interest, the difference 
between the full gene and the diagnostic fragment was only of two samples out of 
more than 200. The difference of less than 1% is negligible.  
ASA.S1 fragment does provide high genus specificity for Acanthamoeba and is 
obtainable from all genotypes. These characteristics make it ideal for diagnostic 
applications and the analysis of environmental samples when there are time 
constraints, and there are no axenic cultures (Schroeder 2001). However, obtaining 
axenized Acanthamoeba cultures can be time-consuming (some of the isolated 
cultures in this study took close to a year to be axenized), but the co-culture with E. 
coli, can be achieved relatively quickly (less than two weeks). The primers used for 
the amplification of the 18S rDNA only work with eukaryotes, therefore once in co-
culture with E. coli it is relatively easy to amplify the full gene. Therefore, there are no 
sensible advantages to using the ASA.S1 diagnostic fragment outside a clinical 
setting (Schroeder et al., 2001). 
 Comparison of the isolated strains 
Isolated T4 strains belong to the same species and are highly similar to Neff strain. 
The G5, GS and 53 strains differ slightly from Neff since the SSU from 18S rDNA is 
always variable (Nassonova et al., 2010). 
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A. lenticulata is tightly related to the T5 genotype (Schroeder-Diedrich et al., 1998). 
Both isolated Acanthamoeba T5 strains (BC and FF) came from water bodies. A. 
lenticulata has been described as being rare (Iovieno et al., 2010). However, two of 
the ten strains belonged to the T5 genotype which might indicate that it is common in 
the environment but could be uncommon for pathogenic strains. GenBank supports 
this information, where T5 / A. lenticulata are the second largest represented 
genotype clade after T4. A literature search on the relative frequency of occurrence 
in the environment and in human pathology also agrees with T5 being the second 
most common isolate (Maciver et al., 2013). 
Using the full SSU gene sequence, strain 60 was identified by BLAST to belong to the 
T2 genotype. However, phylogenetic trees using the full SSU gene put it in a different 
clade. Nevertheless, using the ASA.S1 fragment exclusively, strain 60 is clustered 
with other T2 (Corsaro et al., 2015). These results are corroborated by the sequence 
identity matrix created. However, the identity matrix is dependent on the alignment 
and the identical residues present when the matrix is created (Hall, 1999).Therefore 
it might be ideal to perform the alignment using different methods that might reduce 
the influence of factors such as order sensitivity or information loss surrounding gap 
regions (Grasso & Lee, 2004). Results show that establishing evolutionary relations 
still has limitations and it is dependent on the software being used. Therefore, 
continuous work and development of phylogeny algorithms are required (Katoh & 
Standley, 2013). 
Clarification of Acanthamoeba classification and phylogeny remains necessary. There 
is ample erroneous information in the databases, which provide unclear relations 
between species, genotypes and morphogroups. Just recently, two strains of 
genotype T19 have been reported with both morphology of group II and III (Corsaro 
et al., 2015; Magnet et al., 2015). Also, genotype T16 refers to two different amoebae 
while genotype T20 has been classified in morphogroups II or III also (Corsaro et al., 
2015; Fuerst et al., 2015; Visvesvara et al., 2007).  
Until 2015, the diagnostic fragment was still used continuously, so a more consistent 
classification will emerge as more information becomes available (Corsaro et al., 
2015). As the criteria for Acanthamoeba identification is standardised the phylogeny 
of the genus will be more precise. As more scientists use the full SSU gene to 
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establish phylogeny and use the 5% cut-off for new species, the evolutionary history 




Chapter 4 Vannella biodiversity and phylogeny 
4.1 Introduction 
The genus Vannella was created by Bovee to include flat, normally fan-shaped 
amoebae with a hyaline front edge during locomotion (Bovee, 1965). The main 
characteristic of Vannella organisms is the fan-shaped pseudopodia known as the 
lamella, which is the half-moon hyaline structure in front of the amoeba (Page, 1983, 
1987). Vannella is an abundant genus found in a very diverse range of environments. 
It is particularly numerous in marine environments including anaerobic sediments, 
abyssal planes and hydrothermal chimneys (Sauvadet et al., 2010; Smirnov & 
Fenchel, 1996). However, Vannella organisms have also been isolated from plants, 
salt marshes, vegetables, fish, high salinity environments, biofilm, bat guano and even 
Antarctic environments (Amaral-Zettler et al., 2006; Anderson et al., 2003; Chavatte 
et al., 2016; Dyková et al., 2005; Hauer et al., 2001; Lasjerdi et al., 2011; Moran et 
al., 2007; Mulec et al., 1983).  
Vannella is a member of the phylum Amoebozoa, subphylum Lobosa, class Discosea, 
subclass Flabellinia, order Glycostilda, family Vannellidae (Cavalier-Smith et al., 
2016). Not many morphological differences exist between Vannella and some other 
Discosea members, making classification a challenge. However, molecular analyses 
show that morphology is not a phylogenetically relevant distinction. Sequencing of the 
first 18S rDNA from a vannellid organism (V. anglica) helped establish the dual origin 
of Discosea, where Vannella has a different lineage than Acanthamoeba and 
Hartmannella, which belong to Longamoebia (Sims et al., 1999). Figure 23 shows the 
evolutionary relations of Vannella relative to Eukaryotes and Amoebozoa. 
Previously, members of the genus Vannella were often classified as Platyamoeba as 
they were two distinct genera. The primary classification factor between these two 
genera was the presence or lack of glycostyles, which are groupings of glycoproteins 
on the cell surface. However, this distinction is not phylogenetically relevant. Recently, 
organisms in these groups have been grouped into two new genera Vannella and 
Ripella. The main distinction between both genera is the size of the 18S rDNA 
(Smirnov et al., 2007).  
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As the number molecular studies of the genus increases, species previously 
considered to belong to other genera have been included in Vannella, including 
Platyamoeba and Hyalodiscus simplex (Sims et al., 2002; Smirnov et al., 2007). 
Besides the 18S rDNA, other genes have been tested to identify a more precise 
method of classification for Vannella. Vannellids’ 18S fragment is highly conserved 
and inter-specific divergence is low. In some cases, inter-specific divergence can be 
lower than polymorphisms found in clones from the same strain (Smirnov et al., 2007). 
Therefore, gene sequences with higher variability are required to assess phylogeny. 
Sequencing from the Internal Transcribed Spacer (ITS) did not provide congruent 
results relative to those expected from the 18S fragment (Dyková et al., 2005). Later, 
the cytochrome oxidase subunit 1 (COI) gene was identified and proposed as the best 
way to define new Vannella species and their evolutionary relations (Nassonova et 
al., 2010). 
In 2000, V. persistens was discovered and identified as the first member of the genus 
capable of forming cysts (Smirnov & Brown, 2000). Only a few other members of the 
genus are capable of producing cysts including V. schaefferi, V. placida, V. danica, 
V. contorta and another isolate from Iran (Lasjerdi et al., 2011; Moran et al., 2007; 
Page, 1968; Smirnov et al., 2002).   
 Chapter objectives 
During the isolation of amoebae from environmental samples, it is common to 
encounter vannellids. They are particularly common in Scotland (Maciver et al., 2017; 
Smirnov & Brown, 2000). The study of Vannella organisms is important as they play 
an essential role in nutrient availability in the environment. As many other FLA, 
Vannella are capable of carrying potential pathogenic intracellular parasites such as 
Legionella, making it more important to study species capable of encystment (Corsaro 
et al., 2013; Hoffmann et al., 1998; Kuroki et al., 1998; Michel et al., 2000). 













Strain Species Isolation location Specific Substrate Isolated by Coordinates 
Pent Vannella pentlandii Scotland Pentland hills Soil Maciver 55°49'57.5"N 3°15'41.6"W 
LN Vannella sp. Highlands Loch Ness Loch bank de Obeso 57°08'47.4"N 4°40'43.9"W 
KC Vannella sp. Highlands Kincraig Soil de Obeso 57°07'36.1"N 3°55'34.1"W 
KR Vannella sp. Isle of Skye Kilt Rock Marine de Obeso 57°36'38.5"N 6°10'19.0"W 
Cow1.2 Vannella sp. Midlothian Cow Cow faeces Maciver 55°49'01.5''N 3°15'07.3' W 
Cow2.1 Vannella sp. Midlothian Cow Cow faeces Maciver 55°49'01.5''N 3°15'07.3''W 
Sh Vannella sp. Midlothian Sheep Sheep faeces Maciver 55°49'01.5''N 3°15'07.3'' W 
Arn Vannella sp. Scotland Loch Hourn Sycamore bark Maciver 57°07'55.3''N 5°33'34.4'' W 
Table 11. Vannella organisms isolated and used for this study. The species in bold letters is a newly reported species. 
 
 81 
4.2 Materials and Methods 
A diagram of the materials and methods used is shown in Figure 24. A more detailed 
explanation of the protocols and experiments performed can be found in Chapter 2.  
 
Figure 24. Diagram of methods used in Chapter 4 for the isolation and identification of 
environmental Vannella strains. 
4.3 Results 
Eight Vannella strains were isolated from different samples collected throughout 
Scotland. Of the eight samples, Sutherland Maciver isolated five. The strains came 
from several diverse environments including solid, freshwater, marine sediment and 
animal faeces. Table 11 shows the collection information for the Vannella strains used 
for this study. These strains’ 18S rDNA gene was sequenced. In most cases, the COI 
gene was sequenced too. The sequencing results were aligned to records obtained 
from GenBank to establish phylogenetic relationships between all the available 
species and strains. A new cyst-forming amoeba was discovered and named 
Vannella pentlandii (Maciver et al., 2017). Examples of two of the isolated organisms 


















Figure 25. Images of Vannella species isolated from the Scottish Highlands. a) Vannella sp. 
isolated from Kincraig, Scotland. b) Vannella sp. isolated from Loch Ness, Scotland. Arrows 
point toward the lamella of the amoebae. 
Measurements for three strains were taken and compared to some of the most 
common Vannella strains. The results can be found in Table 12.  
Strain Length (µm) Width (µm) Reference 
Min Max Min Max 
V. danica 25 50 25 50 (Smirnov et al., 2002) 
V. epipetala 20.2 28.6 23.4 37.1 (Amaral-Zettler et al., 2006; Todd et al., 
V. persistens 23 35 23 40 (Smirnov & Brown, 2000) 
V. placida 15 35 9 66 (Page, 1968; Sims et al., 2002) 
V. contorta 12 29 12 23 (Moran et al., 2007) 
V. pseudovannella 8.5 25.5 6.8 25.5 (Hauer et al., 2001) 
V. ebro 25 40 35 60 (Smirnov, 2001) 
V. pentlandii 14 30 11 20 (Maciver et al., 2017) 
LN 16 36 14.5 28 This study 
Kc 18.5 40 18 33 This study 
Arn 15.5 49 13.5 43 This study 
Table 12. Size comparison of different Vannella strains. The table was modified from 
(Maciver et al., 2017). 
 Phylogeny 
Phylogeny analyses were performed two different ways. First, including isolated 
strains and selected sequences from each of the following species: V. simplex, V. 
persistens, V. danica, V. calycinucleolus, V. bursella and V. arabica. The organisms 
were selected when information for 18S rDNA and COI gene was available to use as 
samples. Second, using data obtained from isolated strains and all the sequences 
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that could be aligned appropriately obtained from GenBank belonging to freshwater 
Vannella. Sequences obtained from isolated strains can be found in Appendix 3. 
GenBank had 191 sequences related to the 18S rDNA fragment from different 
Vannella organisms. Eighty-two sequences were selected for analysis as they had 
most of the gene. Of the selected sequences, 46 were from strains isolated from 
freshwater that could be aligned and analysed with the sequences obtained after 
isolation. The selected strains included V. pentlandii, which was sequenced and 
uploaded into GenBank with an accession number of KY344796. Phylogeny trees for 
all the sequences were created using maximum likelihood approximation, and 
Bayesian approximation. Paravannella minima was included in the analysis and, as 
expected, resulted in a completely different isolated clade. Acanthamoeba NSS strain 
was used to root the phylogeny trees as an outgroup. Phylogeny trees and sequence 
identity matrix using sample sequences can be found in Figure 26 and Table 13 
respectively.  
GenBank had 71 records from Vannella of the COI gene that could be appropriately 
aligned with the ones obtained from sequencing. The selected strains included V. 
pentlandii, whose COI gene was sequenced and uploaded into GenBank with an 
accession number KY344797. A sequence identity matrix and phylogeny trees of the 
isolated COI sequences with sample sequences for some other Vannella species can 
be found in Table 14 and Figure 27 respectively.  
The analysis of the 18s rDNA and COI gene shows that several of the isolated strains 
belong to the same clade. According to the phylogeny trees from both genes and the 
sequence identity matrix V. arabica, V. bursera and V. calycinucleolus form a single 
clade denominated here ABC. A similar situation happens with the clade that is 
formed between V. simplex and V. persistens, where they are closely related. There 
is another clade including four different strains isolated (Arn, Sh, Cow2.1 and 
Cow1.2).  
Bootstrap values confirm a clade including the Sheep, Cow1.2, Cow 2.1 and Arn 
strains accompanied by previously reported Vannella species not yet named or 
identified. This clade was denominated ACS (Arn-Cow-Sheep). ACS clade is closest 
related clade to the marine amoebae group that includes V. contorta, V. 
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septentrionalis, V. devonica, V. australis, V. ebro, V. calcynucleolus, V. arabica and 
V. bursella (Mayes et al., 1997; Page, 1974, 1980).  
Two other newly isolated strains, LN and KC, were also closely related. They belong 
to a clade including V. planctonica, V. croatica, V. lata and V. miroides. All these 
species have been isolated from freshwater samples.  
V. pentlandii and Vannella sp. strain LN are capable of forming simple cysts. 
 
Table 13. Sequence identity matrix for the 18S sequence. Obtained from selected and 
isolated Vannella strains with BioEdit. Strains that have a higher than 0.95 similarity index 
are highlighted in red. 
 
Table 14. Sequence identity matrix for the COI sequence. Obtained from selected and 
isolated Vannella strains with BioEdit. Strains that have a higher than 0.95 similarity index 
are highlighted in red. 
Seq-> Vsimplex Cow21 Vpersistens Vpentlandii Vdanica VcalycinucleolusVbursella Varabica NSS LN Sheep
Vsimplex ID 0.792 0.971 0.828 0.92 0.886 0.886 0.882 0.603 0.779 0.819
Cow21 0.792 ID 0.79 0.808 0.795 0.778 0.779 0.777 0.591 0.795 0.924
Vpersistens 0.971 0.79 ID 0.825 0.924 0.883 0.886 0.882 0.601 0.778 0.815
Vpentlandii 0.828 0.808 0.825 ID 0.81 0.798 0.798 0.796 0.607 0.817 0.814
Vdanica 0.92 0.795 0.924 0.81 ID 0.866 0.869 0.864 0.606 0.776 0.82
Vcalycinucleolus 0.886 0.778 0.883 0.798 0.866 ID 0.987 0.987 0.603 0.791 0.81
Vbursella 0.886 0.779 0.886 0.798 0.869 0.987 ID 0.994 0.605 0.79 0.811
Varabica 0.882 0.777 0.882 0.796 0.864 0.987 0.994 ID 0.605 0.789 0.809
NSS 0.603 0.591 0.601 0.607 0.606 0.603 0.605 0.605 ID 0.608 0.604
LN 0.779 0.795 0.778 0.817 0.776 0.791 0.79 0.789 0.608 ID 0.799
Sheep 0.819 0.924 0.815 0.814 0.82 0.81 0.811 0.809 0.604 0.799 ID
Seq-> NSS Cow1.2 Vpentlandii Varabica Vbursella VcalcynucleolusVdanica Vpersistens Vsimplex LN
NSS ID 0.721 0.737 0.731 0.731 0.737 0.731 0.733 0.737 0.757
Cow1.2 0.721 ID 0.686 0.763 0.761 0.761 0.807 0.821 0.817 0.765
Vpentlandii 0.737 0.686 ID 0.688 0.69 0.711 0.729 0.721 0.735 0.719
Varabica 0.731 0.763 0.688 ID 0.989 0.921 0.803 0.799 0.803 0.769
Vbursella 0.731 0.761 0.69 0.989 ID 0.925 0.801 0.795 0.799 0.767
Vcalcynucleolus 0.737 0.761 0.711 0.921 0.925 ID 0.799 0.797 0.797 0.775
Vdanica 0.731 0.807 0.729 0.803 0.801 0.799 ID 0.874 0.886 0.777
Vpersistens 0.733 0.821 0.721 0.799 0.795 0.797 0.874 ID 0.927 0.775
Vsimplex 0.737 0.817 0.735 0.803 0.799 0.797 0.886 0.927 ID 0.767








Figure 26.  Vannella phylogeny based on 18S rDNA. Acanthamoeba NSS strain was used to 
root tree as the outgroup. a) Phylogeny tree using maximum likelihood (Kimura 2-
parameter model) and MEGA 7. b) Phylogeny tree using PhyML (GTR model) and Seaview. 







Figure 27. Phylogenetic trees of Vannella spp. using the COI gene. Sequences were 
obtained from GenBank database and isolated samples. NSS Acanthamoeba sequence was 
used as the outgroup to root the trees. a) Phylogenetic tree using maximum likelihood 
method created using MEGA 7 with the Kimura 2-parameter model and 100 bootstraps. b) 
Phylogenetic tree using PhyML with the GTR model and 100 bootstraps created using 
Seaview. c) Phylogenetic tree using Bayesian inference with MrBayes until the standard 
deviation of split frequencies was below 0.01. 
4.4 Discussion 
Vannella phylogeny has been extensively studied. Vannella is a diverse genus where 
phylogenetic analysis has shown a clear separation between marine species and 






The concept of species regarding amoebae is ill-defined, more so in Vannella due to 
the microheterogeneity found in the 18S rDNA fragment. Therefore, the use of other 
gene sequences as bases for classification such as the COI gene is important 
(Nassonova et al., 2010). The phylogeny results obtained from analysis of the 18S 
rDNA and COI genes are similar (Maciver et al., 2017). In actuality, it is best practice 
to sequence both fragments. Although the COI gene could provide better phylogeny 
results, there is still limited information regarding the Vannella’s COI gene . When 
databases provide enough information for the COI gene to become a real option for 
analysis, it could become the first criterion for Vannella identification.  
Due to the lack of information regarding Vannella COI gene and the difficulties 
presented by 18S rDNA, different approaches should be used to identify species. 
Sequence identity matrixes can serve as a guideline in conjunction with phylogeny 
trees. However, results from the 18S rDNA confirm that intra-species variability can 
affect phylogeny studies (Smirnov et al., 2007). Only organisms from V. epipetala 
frequently showed identity recognition values over 0.95. Nevertheless, Nassonova et 
al. suggested the use of the COI gene to clarify lobose amoebae phylogeny. Results 
from the sequence identity matrix obtained from the COI gene did manage to separate 
several species in which using the 18S sequence was not enough (Nassonova et al., 
2010). Unlike 18S rDNA sequences, phylogeny based on COI sequence was able to 
divide clade ABC. It distinguished V. calycinucleolus as a separate species, as well 
as differentiating between V. simplex and V. persistens. Clade ABC is particularly 
contentious since their morphological characteristics are not congruent with the 
molecular results. V. bursella and V. arabica are considered different species based 
on their morphological differences. However, the phylogeny does not support these 
claims. These three species have very distinctive morphological differences where V. 
calycinucleolus is larger, while V. bursella has very distinct locomotion. The COI 
sequence helps elucidate a little bit more as it separates them slightly.  
The use of a Molecular operational taxonomic unit (MOTU) has been suggested to 
establish the divergence between species. MOTU can help when some organisms of 
the same species (V. simplex) tend to be more dissimilar between them than different 
species like V. arabica and V. bursella are between them (Floyd et al., 2002).  
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The ACS clade is formed by three isolated strains and four strains from GenBank not 
identified (AY929909, AY929910, AY929911 and JQ271731). All these strains, 
except Arn, were isolated from animals or animal residues (Dyková et al., 2005). 
However, the animals are very varied as they are cow, sheep, freshwater fish and sea 
urchin. The marine strain (JQ271731) was from inshore location, which could explain 
its grouping with freshwater/soil strains (Maciver et al., 2017).  
Besides the seven strains within, the ACS clade is most closely related to V. simplex 
and V. persistens. Coincidentally, V. persistens was first isolated in Scotland too 
(Smirnov & Brown, 2000). However, there does not appear to be a relationship 
between cyst forming amoebae. V. persistens is closely related to V. danica, and V. 
pentlandii to V. placida, but cysts do not seem to have phylogenetic relevance in 
Vannella. Therefore, it is probable that the ability to produce cysts is an ancestral 
property of the Amoebozoa since several organisms present it (Acanthamoeba for 
example) and the differentiation shows similar characteristics. It is possible that some 
species have lost the capacity to form cysts altogether, while some others might have 
lost it, and reacquired it with time (Maciver et al., 2017).  
Most BLAST results from the isolated strains showed results related to Platyamoeba 
strains. However, this genus was merged into Vannella when it was proven that the 
presence of glycostyles had no molecular relevance (Smirnov et al., 2007). 
Nevertheless, the genus Platyamoeba is still widely used (Ramirez et al., 2010, 2014; 
Todd et al., 2015). 
Learning more about Vannella biology might help elucidate different characteristics of 
amoebae. It could help understand the amoebae-bacteria relation that plays an 
essential role in the environment and in many human diseases. Since Vannella feeds 
on bacteria and can harbour some of them, a more in-depth understanding might 




Figure 28. Phylogeny trees using maximum likelihood method using MEGA 7 of Vannella 
spp. using 18S rDNA. The tree was created using a Kimura 2-parameter model and 100 
bootstraps. The samples selected were the from freshwater organisms that could be 
aligned from sequences obtained from GenBank database and isolated samples. NSS 




Figure 29. Phylogeny tree made using PhyML of Vannella spp. based on the 18s rDNA gene 
using SeaView software. The tree was created using a GTR model and 100 bootstraps. The 
samples selected were from freshwater organisms that could be aligned from sequences 
obtained from GenBank database and isolated samples. NSS Acanthamoeba sequence was 





Figure 30. Phylogeny tree using Bayesian approximation with MrBayes of Vannella spp. 
based on the 18S rDNA. 750,000 generations were used to obtain a standard deviation of 
split frequencies under 0.01. The samples selected were from freshwater organisms that 
could be aligned from sequences obtained from GenBank database and isolated samples. 




Chapter 5 Other isolated amoebae 
5.1 Introduction 
Understanding the biodiversity of FLA is essential since they play an essential role in 
the environment. FLA are a polyphyletic group, with different characteristics. The 
isolation and culture of different amoebae offer the possibility to find new organisms. 
For this study, two new amoebae were isolated and identified: a leptomyxid and a 
heterolobosean. The two new amoebae discovered and described for this study are 
Leptomyxa valladaresi and Allovahlkampfia minuta (de Obeso Fernandez del Valle et 
al., 2017; de Obeso Fernandez del Valle & Maciver, 2017). A simplified history of 
eukaryotes and the evolutionary location of both amoebae can be found in Figure 31. 
The results and discussion can be found in the articles in Appendix 1.  
 
Figure 31. Diagram indicating the evolutionary position in regards to other Eukaryotes of 
the genera Leptomyxa and Allovahlkampfia. 
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 Family Leptomyxidae 
Amoebozoid organisms of the Leptomixidae family are medium to very large 
amoebae some of which can be up to 3 mm long making them some of the longest 
amoebae (Singh, 1948). Goodey was the first to describe Leptomyxidae amoebae 
(Goodey, 1915). Leptomyxidae amoebae are found in a variety of environments such 
as freshwater (Smirnov et al., 2009), marine environments (Page, 1983), temperate 
soil (Brown S & Smirnov AV, 2004), permafrost soil (Shmakova et al., 2014) and 
desert soil (Bamforth, 2008). All leptomyxids have a simple life cycle that includes a 
trophozoite and a cyst. Leptomyxids present different morphologies even within the 
same species. They can be fan-shaped, flattened, have limax or ramose form, and 
even the same organism can change its locomotive morphology. An important 
characteristic for all Leptomyxids is the capacity to develop an adhesive uroid 
(Smirnov et al., 2017). As with many other amoebae groups, and as a result of their 
varied morphologies, Leptomyxidae has been a group in constant flux, and its 
classification is a challenge (Smirnov et al., 2009, 2008). After a recent reorganisation 
of the family, Leptomyxidae has three recognised genera: Flabelulla, Rhizamoeba 
and Leptomyxa (Smirnov et al., 2017). Leptomyxidae belongs to the class Tubulinea. 
Presently, it is clear that members of the genus Leptomyxa and related groups are 
not pathogenic. Balamuthia madrillaris, one of the primary causatives of amoebic 
encephalitis, was initially classified as a leptomyxid due to its superficial resemblance 
to the group (Visvesvara et al., 1990). However, subsequent studies showed primary 
differences and showed that B. mandrillaris had a closer relation to organisms 
belonging to the class Discosea (Visvesvara et al., 1993). 
We described a new leptomyxid amoeba isolated from Mount Teide in the Canary 
Islands, Spain. The amoeba was denominated Leptomyxa valladaresi (de Obeso 
Fernandez del Valle et al., 2017). 
 Heterolobosea 
Heterolobosea is a class created to join the groups Schizopirenida and Acrasid slime 
moulds (Page & Blanton, 1985). The two groups were first combined based on their 
eruptive lobopodia, discoidal organisation of the mitochondrial cristae and the 
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absence of a stacked Golgi apparatus. They are heterotrophic protozoans found 
worldwide in a wide range of habitats (Pánek & Čepicka, 2012). 
Heterolobosean organisms present several different morphologies that include 
flagellates, amoeboflagellates, amoebae and even some slime moulds. Genetic 
studies of the 18S rDNA have proven the phylogenetic relationship between the very 
diverse members of the group (Brown et al., 2012; Roger et al., 1996). 
Heteroloboseans can present their rDNA in a circular plasmid in the mitochondria, as 
discovered first in Naegleria gruberii (Clark & Cross, 1987). One of the most important 
heteroloboseans is the amoeboflagellate Naegleria fowlerii since it is one of the 
causative agents of amoebic encephalitis. However, it is not the only heterolobosean 
linked to disease. Vahlkampfia spp. has been isolated from patients with keratitis in 
co-infection with Hartmanella and Acanthamoeba (Aitken et al., 1996; Alexandrakis 
et al., 1998; Niyyati et al., 2010). 
Initially, all amoebic heteroloboseans that lacked a flagellate state were designated to 
the genus Vahlkampfia. This genus used to be defined by two main morphological 
characteristics: no flagellate state and cysts without pores. Also, they were recognised 
for their explosive locomotion, uninucleate cysts and closed mitosis. However, the 
study of the 18S rDNA showed that the genus was not monophyletic (Brown & De 
Jonckheere, 1999). Consequently, several genera were created to accommodate the 
different species. The new genera included Allovahlkampfia, Paravahlkampfia, 
Neovahlkampfia, Fumarolamoeba and Solomistrus (Brown & De Jonckheere, 1999; 
De Jonckheere, Johan F., Jun Murase, 2011; Walochnik & Mulec, 2009). From the 
different vahlkampfiids, the genus Vahlkampfia is the most diverse. The main reason 
for this, is that for some time, it was the sole genus of the family and encompassed 
all members that lacked a flagellate stage and cysts with pores (Pánek et al., 2017). 
  Allovahlkampfia 
In 2009, Allovahlkampfia genus was created to fit an organism that did not fit 
anywhere else (Walochnik & Mulec, 2009). Since then, several new additions have 
been incorporated into Allovahlkampfia. There are no flagellates or amoeboflagellates 
in the genus. They are capable of producing simple cysts without operculae. 
Allovahlkampfia is a very diverse genus based on 18S rDNA sequences with some 
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organisms presenting inserts (Geisen et al., 2015). Allovahlkampfia is more closely 
related to Acrasid slime moulds than to other vahlkampfiids (Brown et al., 2012; 
Geisen et al., 2015). 
We described a new hetereolobean amoeba isolated from the Glenfinnan viaduct in 
Scotland. The amoeba was denominated Allovahlkampfia minuta (de Obeso 




Chapter 6 Acanthamoeba encystment 
dynamics 
6.1 Introduction 
Acanthamoeba has a biphasic life cycle where it is capable of producing a latent 
protective cyst in adverse conditions to increase its survival rate. Acanthamoeba 
forms a double layered walled cyst consisting on an endocyst, an ectocyst and 
ostioles to monitor the environment and exit the cyst when conditions improve 
(Bowers & Korn, 1968; Chávez-Munguía et al., 2007; Weisman & Shaw, 1976).The 
cyst wall is 120-150 nm wide (Chávez-Munguía et al., 2007). The composition of the 
cyst varies depending on the species. However, studies performed by Neff et al. 
showed that the cyst contained 33% proteins, 4-6% lipids, 35% carbohydrates, 8% 
ash and 20% other unidentified materials (Neff et al., 1964b). Cellulose is one of the 
key components of the cyst wall comprising up to 10% of its dry weight (Blanton & 
Villemez, 1978; Tomlinson & Jones, 1962).  
The first identified cause of encystation was starvation and lack of nutrients (Neff et 
al., 1964b). Nonetheless, other factors can induce encystment such as osmolarity, 
chemicals, temperature, pH and some bacteria (Brindley et al., 2009; Cordingley et 
al., 1996; El-Etr et al., 2009; Kilvington et al., 2008). In the environment, 
Acanthamoeba encysts synchronously (Neff et al., 1964b). However, once 
Acanthamoeba is cultured axenically, this characteristic is gradually lost, and the 
encystment process takes longer becomes less efficient and synchronous (Köhsler et 
al., 2008).  
The cyst provides protection from most conditions that Acanthamoeba can encounter 
in the environment. In laboratory settings, it has been shown to be able to survive 
frozen for at least 25 years (Sriram et al., 2008). However, viable cysts have been 
recovered and grown from permafrost indicating they can survive for thousands of 
years (Shatilovich et al., 2009). Acanthamoeba cysts are capable of surviving at lower 
temperatures than other amoebae and are also able to survive up to 60˚C with moist 
heat for short periods (Biddick et al., 1984; Kilvington, 1989). Cysts have enhanced 
resistance to several physical, chemical and radiological factors including cellulases, 
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alcohol, hydrogen peroxide, gamma and UV irradiation (Aksozek et al., 2002). Cysts 
also provide a physical barrier capable of resisting biocides including many of the 
antimicrobial agents used for contact lens disinfection (Turner et al., 2000). Some of 
these disinfecting solutions induce encystment-like processes that quickly lead to the 
formation of pseudocysts (Kliescikova et al., 2011a). Pseudocyst formation is an 
alternate quick differentiation response from Acanthamoeba to acute stressors such 
as solvents. When Acanthamoeba encounters such stressors, pseudocysts appear in 
less than two hours (Kliescikova et al., 2011b). This resistance of the cysts changes 
depending on the encystment stimuli and the growth conditions of the trophozoites 
(Coulon et al., 2012). 
 Chapter objectives 
Acanthamoeba differentiation rate and dynamics of different strains were compared 
to characterise the process. The use of conditions media (CM) was analysed to study 
its effect on encystment rate. Knowledge regarding the encystment process in 
Acanthamoeba will help understand the biology of this organism of great importance 
to the environment and human health. Eliminating the cyst might be the key to develop 
effective therapies against AK since cysts allow the persistence of the amoebae in 
the cornea (Nagington & Richards, 1976).  
6.2 Materials and Methods 
A diagram of the materials and methods used is shown in Figure 32. A more detailed 




Figure 32. Diagram of methods used in Chapter 6 to characterise encystment dynamics. 
6.3 Results 
Different aspect of Acanthamoeba encystment were measured and compared. Using 
different conditions and strains, a picture of encystment rates was created to perform 
future experiments. Different cyst morphologies (and pseudocyst) can be seen in 
Figure 33. 
 
Figure 33. Different cyst morphologies. At the top, three different cyst morphologies from 
A. castellanii T4 genotype. On the bottom from left to right: A trophozoite “cannibalising” 
a cyst, a cyst surrounded by bacteria and a pseudocyst with a single-layered wall. The size 

















 Cell viability after encystment 
Trypan blue exclusion was used to verify cell viability after encystment. Cells that are 
alive do not take up the dye, while dead unviable cells stain in blue. The viability was 
measured for four different strains of Acanthamoeba (Neff, 53, 61 and 64). As shown 
in Figure 35, Neff strain encystment rate is significantly lower compared to other three 
strains. Strains more recently isolated showed a cyst viability between 29-42%, while 
Neff strain viability was under 10%. ANOVA analysis confirmed that there are 
significant differences between the viability of the strains (p value of 0.004). 
Additionally, two-tailed T-tests showed that there are significant differences between 
Neff and each of the other three strains. Strains 53, 61 and 64 did not show significant 
differences between them according to the T-test. 
 Observations of encystment rate over 96 hours 
Additionally, the rate of encystment was measured from different strains to observe 
the time required for the process. Cyst of Neff strain and 47C started appearing 
around 12 hours after induction with NEM. The encystment rate of the four strains of 
Acanthamoeba was measured through cell count for a week. The proportion of cyst 
and trophozoites in cultures during encystment of newly isolated strain 53 (the most 
recently isolated strain) changed slower compared to the other strains as shown in 
Figure 35 and Figure 36c. In addition, Neff strain’s encystment rate was compared to 
47C. After selection of viable cysts, Neff strains encystment was accelerated as 
shown in Figure 36a and Figure 37. The results were corroborated through direct cell 
count and spectrofluorometry. The encystment rate appears to be strain dependant 
and not dependent on the time of axenic growth, as strain 53 shows the slowest 
encystment being the most recently isolated strain. An example of encysting strain 53 




Figure 34. Microscopy image of strain 53 encystment after 36 hours for direct cell count. 
The arrows are pointing towards cysts, while the other cells are trophozoites. 
 Comparison of encystment with fresh and 
conditioned media of several strains 
Since it has been observed that axenic cultures change their encystment dynamics, 
conditioned media was  used in four different strains (Neff, 53, 61 and 64) to observe 
its effect on encystment. Conditioned media was previously obtained from encysting 
cultures. Independent T-tests for each strain were performed to compare the effects 
of conditioned media in each strain. Results showed significant differences on the 
encystment process when using conditioned media on two of the four strains (Figure 
35 and Figure 36b and d). Strains 61 and 64 showed attenuated encystment when 
cultured with conditioned media. Strains Neff and 53 did not show significant 




Figure 35. Encystment rate under different conditions. a) Viability of cyst after encystment 
from different strains after 96 hours in encystment media. The error bars represent the 
standard error of the mean. b) Comparison of encystment between four different strains 
with regular and conditioned media. The results show the percentage of cysts in 
comparison to trophozoites found after 96 hours in encystment media. The strains are Neff, 
53, 61 and 64. The N after the strain number represents NEM media while the C refers to 
conditioned media. The error bars represent the standard error of the mean. Each strain 
included one picture from six samples with an average of 82.75 cells per picture.    
 Spectrophotometry to measure encystment 
Spectrophotometry was used as a less biased alternative to the direct cell count used 
in most experiments. Samples were stained with Congo red, which binds to cellulose 
and is found in cysts but is lacking in trophozoites. Stained sampled were washed 
before measuring absorbance at a wavelength of 495 nm. Neff strain cultures were 
used after incubation with AX2, NEM and CM. Cellulose levels in the samples were 
measured via spectrophotometry and showed increased absorbance from encysting 
cultures. However, after two days the absorption in the cysts decreased. Use of stains 
such as Congo red after two days produced loss of sample due to the handling. 
Increased handling steps amplified the possibility of sample loss since cysts do not 
adhere to the bottom of the tube. The loss is reflected in Figure 36d where intensity 




Figure 36. Acanthamoeba encystment dynamics. a) Encystment of Neff strain and 47C after 48 hours from photographic evidence and direct cell 
count every 30 minutes. b)  Comparison over 168 hours of encystment of Neff strain encystment in NEM and CM from photographic evidence 
and direct cell count every 24 hours. c) Comparison of encystment over 168 hours of four different strains (Neff, 53, 61 and 64) from photographic 
evidence and direct cell count every 24 hours. d) Results over four days of encystment measured with spectrophotometry using Congo red as a 




Figure 37. Encystment comparison between Neff and 47C. At the top, results from 
spectrofluorometry taken over a 96 hour period. The error bars show standard error of the 
mean. The graph was obtained from Katy McCalister’s dissertation. At the bottom, results 
obtained from direct cell count over a 48 hour period taken every 30 minutes and selecting 
the same time points shown in the top graph. No error bars are shown since only one 
measurement was taken at each time point. 
 Formation rate of pseudocysts  
Pseudocyst differentiation rate was also researched using spectrofluorometry. These 
experiments were supervised for this project, as they were performed by Katy 
McCallister.The process of pseudocyst differentaiton was triggered by the presence 
of methanol. Fluorescence signal increased for the first 90 minutes. After this period, 
the intensity started to decrease as shown in Figure 38. Results show a quick 
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response and differentiation for pseudocyst formation and probable quick production 
of cellulose, unlike encystment.  
 
Figure 38. Pseudocyst formation. Obtained from Katy McCalister’s dissertation. A) 
Pseudocyst formation starts and fluorescence increases over the first 90 minutes in 
methanol and then decreases. B) Pseudocyst formation comparison of Neff strain to 42C, 
showing a higher rate for the 42C strain. Error bars show standard error of the mean. 
6.4 Discussion 
After studying encystment dynamics, asynchronous encystment as described by 
Köhsler was observed with similar results for the different strains (Köhsler et al., 
2008). After 24 hours less than 30% of the cells had encysted, and after 72 hours, 
encystment had not surpassed 70%. The asynchronous encystment on axenic 
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cultures and the realisation of varying rates of encystment in different strains are a 
challenge to understand the biology of the amoeba (Neff et al., 1964b). Comparisons 
between species and encystment conditions are still needed since cyst resistance can 
vary from one organism to the other and depend on the situation (Coulon et al., 2012). 
The effects of different encystment media and environmental conditions have been 
compared (Aqeel et al., 2013). Furthermore, encystment rate has been linked to the 
time the strain has been growing axenically (Köhsler et al., 2008). However, results 
of two T4 strains in these study (Neff and 53) do not support these findings as strain 
53 showed a slower encystment.  
Once the encystment rate for different strains was estimated, we decided to research 
cell viability after encystment. Neff strain viability has decreased after more than 50 
years of in vitro culture. It has been suggested that the loss in viability occurs in part 
due to cannibalism (Maciver et al., 2015b). Neff strain has lost a significant part of its 
capacity to encyst. However, even with an attenuated capacity to produce cysts, Neff 
strain can regain some of this capacity through a selection of viable cysts using SDS 
(Maciver et al., 2015a). This selection also accelerated the encystment rate of the 
strain as shown in Figure 36a.  Figure 36b and d show how conditioned media slowed 
the encystment in two of the four strains. This might indicate that there are no signals 
from Acanthamoeba to induce encystment to other amoebae. However, there might 
be changes in the environment that indicate other cells to delay encystment. 
Adaptations to these conditions might have led to cannibalism in the Neff strain 
(Maciver et al., 2015b). The viability of the cysts of all the strains was below 50%. 
With such a low cyst viability, it is possible that cells receive information from 
conditioned media to delay encystment as much as possible to increase survival.  
Finally, we researched pseudocyst formation rate. Even though Acanthamoeba is 
considered to have a biphasic life cycle, we know that this is not precise as 
Acanthamoeba has trophozoites, cysts and is capable of forming pseudocysts in 
certain conditions (Kliescikova et al., 2011a, 2011b). The idea that encystment might 
only be induced axenically in some biphasic organisms might be wrong (Chávez-
Munguía et al., 2007). Pseudocyst formation is a quick response to stressors such as 
solvents (Kliescikova et al., 2011b). This differentiation process increases over the 
first 90 minutes and then decreases slowly. Afterward, the fluorescence intensity 
stabilises and remains relatively similar for at least three days. Pseudocyst 
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differentiation is a quick response to sudden changes in the environment, for which 
encystment is not a viable option. It might also be useful to perform further research 
of A. pyriformis as it is the one member of the genus with a different life cycle (Tice et 
al., 2016). 
Even though they are simple and accessible, microscopic cell counts are labour 
intensive and tend to have high variance (Lloyd, 2014). Therefore, different 
alternatives developed to study encystment. Normally, the progress of encystment 
can be measured by cellulose estimation (Griffiths & Hughes, 1969). For 
spectrophotometry, the use of 495 nm wavelength was adequate when staining with 
Congo red (Iwunze, 2010). For more precise measurement, fluorometry was 
measured with calcofluor white at an excitement length of 355 nm for excitation and 
442 nm for emission which proved adequate (McCalister, 2015). Spectrophotometry 
proved useful in the first 48 hours after adding the encystment media. However, the 
value of the technique is lessened after two days as technical challenges arise. An 
increase in the proportion of cysts leads to the inability of the sample to adhere to the 
bottom of the tube after centrifugation increasing the probability of some sample to be 
lost with increased handling. Similar challenges were encountered using 
spectrofluorometry. The high sensitivity of the technique made results highly variable 
as some readings decrease and then increased from one time point to the next. Both 
techniques still proved valuable. Increasing the number of data points collected and 
developing a way to adhere the cyst to the tubes might provide a more precise and 
less labour intensive alternative (Griffiths & Hughes, 1969). Access to more advanced 
cell-counting techniques such as flow cytometry might also help provide more data 
regarding encystment and pseudocyst formation. 
Knowledge of Acanthamoeba encystment is important for the understanding of the 
biology of this ecologically and medically important organism (Aqeel et al., 2013). 
Cysts can differ in morphology, resistance and viability. Understanding of the 
differences and similarities of the process of the three morphogroups might provide 
valuable information (Visvesvara, 1991). It could also help develop therapies for AK 
because cysts can lead to recurrent infection as they can resist many of the current 
therapeutic options (Larkin et al., 1992; Lorenzo-Morales et al., 2013; Turner et al., 
2004). Also, Acanthamoeba serves as a vector for several pathogenic bacteria such 
as L. pneumophila, S. aureus and C. pneumonia (Essig et al., 1997; Huws et al., 2008; 
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Kilvington & Price, 1990). In many cases, these bacteria would be unable to persist 
in the environment without using amoebae as hosts. The cyst provides a haven for 
bacteria in several otherwise inhospitable environments. A higher understanding of 





Chapter 7 mRNAseq of encystment 
7.1 Introduction 
Gene expression patterns have been investigated to understand the life cycle of a 
number of encysting protozoa (Moon et al., 2011). Microarray analysis for encystation 
of Acanthamoeba and the intestinal amoeba Entamoeba hystolytica have been 
performed (De Cádiz et al., 2013; Ehrenkaufer et al., 2007; Moon et al., 2011). 
Differentially expressed (DE) genes have also been identified from A. castellanii using 
random primers and RT-PCR (Moon et al., 2007). In addition, Serial Analysis of Gene 
Expression (SAGE) has been used to analyse the transcriptome of the flagellated 
parasite Giardia lambia (Birkeland et al., 2010). Blocking encystation might be the key 
to avoid persistence of parasitic protozoans (Makioka et al., 2000, 2001, 2002). 
Encystment consists of a two-step process that begins with autophagy and 
degradation of proteins and is followed by the expression of cyst-specific genes that 
rebuild the cell into a cyst as seen in Figure 39 (Leitsch et al., 2010). Gene expression 
during Acanthamoeba differentiation has been studied including factors involved in 
autophagy (Moon et al., 2009, 2012; Song et al., 2012), cellulose synthesis (Potter & 
Weisman, 1972), proteases (Leitsch et al., 2010; Moon et al., 2008b), and cyst wall 
proteins (Hirukawa et al., 1998; Rubin et al., 1976). Additionally, rRNA proteins are 
downregulated during encystment (Detke & Paule, 1975; Schulze & Jantzen, 1982; 
Stevens & Pachler, 1973). 
 
Figure 39. Diagram with simplified encystment process of Acanthamoeba. 
A cyst specific 21kDA protein (CSP21) has been identified as part of the cyst wall 
(Hirukawa et al., 1998). CSP21 is regulated by mRNA expression being tightly 
 
 109 
repressed during the trophozoite stage and highly induced during the early stages of 
encystment (Chen et al., 2004). 
 Chapter objectives 
Previously, 12,544 genes of Acanthamoeba have been investigated after three days 
of encystation using microarrays (Moon et al., 2011). For this study, mRNA 
sequencing was performed to identify encystment factors using the reference genome 
recently published (Clarke et al., 2013). Additionally, we tried to identify different 
pathways involved and corroborate previously identified encystment factors. 
7.2 Materials and Methods 
A diagram of the materials and methods used is shown in Figure 40. A more detailed 
explanation of the protocols and experiments performed can be found in Chapter 2.  
 
Figure 40. Diagram of methods used in Chapter 7 to identify factors involved during 
encystment through RNA sequencing. 
7.3 Results 
The genetic factors involved in encystation were studied though mRNA sequencing. 
The sequencing was performed using strain 53 from genotype T4 as it produced 
mostly viable cysts (Chapter 6). Four treatments (trophozoites, 24 hours after 
induction, 48 hours and 72 hours) were sequenced with three replicates each.  The 



















samples was verified using a QUBIT fluorometer and agarose electrophoresis. Good 
quality samples could be identified through gels when the two bands belonging to the 
ribosomal RNA can be clearly observed. Once quality was approved, samples were 
sent for sequencing to Edinburgh Genomics.  Example samples of the agarose gels 
are shown in Figure 41.  
 
Figure 41 Sample figure from Edinburgh Genomics showing acceptable quality of RNA 
samples for sequencing. A molecular size ladder is situated in the left. In the middle, the 
image of the agarose gel where ribosomal RNA can be observed in most cases. In the 
bottom, the RNA Integrity Number (RIN) is shown. One of the samples was lost. Therefore 
it cannot be seen in the gel, and the RIN number is missing. 
 Data visualisation of data for quality control 
Once the raw data from the mRNAseq was received, new steps to ensure quality 
control were taken. The quality of the data was assessed using FASTQC software 
that allowed for quick analysis of each sample. This step was performed twice as 
Edinburgh Genomics performs their own quality control assessment before data 
delivery. 
Before processing and analysis of the results, visualisation of the data is 
recommended as a final step of quality control. The different visualisation steps 
showed that the data was reliable and that there were no outlier samples. First, a 
multidimensional scaling (MDS) plot was created using EdgeR. The plot Figure 42) 
shows four different groupings that belong to the four timepoints where none of the 




Figure 42. Multidimensional scaling plot. The plot shows the distribution of the samples 
after the sample pairing with added circles to encompass the four different timepoints (0, 
24, 48 and 72 hours). The axes represent the dimensions assigned by R while creating the 
plot, but do not represent specific units.  
The last visualisation step is the observation of dispersion and distribution of the data. 
Pairwise comparisons were performed between the four treatments leading to six 
different comparisons. According to the EdgeR manual, a biological coefficient of 
variation of 0.1 is to be expected for data from genetically identical model organisms, 
which is the closest description to the data presented as all the samples came from 
the same strain (Robinson et al., 2009). Dispersion plots for all comparisons gave 
trended values between 0.05 and 0.25 as seen in Figure 43. Figure 44 presents 





Figure 43. Dispersion plots for the six different comparisons of the four treatments. The plots show tag-wise dispersion trended with values 




Figure 44. Volcano plots for the six different comparisons. The DE genes are represented in red. In the X-axis, LogFC (base 2) of 1 was used as 
criteria representing a  fold change of 2. In the Y-axis, a Log10(FDR) just above 1 was used representing an FDR threshold of 0.05. 
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 Identification of differentially expressed (DE) gen es 
After quality control assessment, the raw data was aligned to the reference genome, 
and reads were counted. Once the reads were mapped into the genome, the genetic 
factors involved in encystation were researched through differential expression 
analysis using EdgeR. The number of DE genes along the six different comparisons 
using a criterion based on a fold change (FC) of 2 (Log2 of 1, referred forward as 
LogFC) and a false discovery rate (FDR) threshold of 0.05 is shown in Table 15. The 
comparison with the highest amount of DE genes was between 0 and 24 hours. The 
difference between 0 hours and the other treatments in the number of DE genes was 
considerably higher than the comparisons with the samples already going through 
differentiation. For example, there are only 31 DE genes with a LogFC over 2 and 
none over 5 between 48 and 72 hours. Tables with the top 50 DE genes for each 
comparison can be found in Appendix 5. For every comparison, there were more 
downregulated than upregulated genes among the top 50 DE genes. In the case of 
the comparison between 0 and 24 hours, 12 genes were upregulated, while 38 were 
downregulated. Figure 47 shows the 12 genes that are upregulated after 24 hours.  
The expression and distribution of all the genes, with the DE genes highlighted, can 
be observed in the volcano plots in Figure 44.   
 
0 hours 24 hours 48 hours 72 hours 
0 hours 
 
3474 3337 2820 
24 hours 3474 
 
881 1383 
48 hours 3337 881 
 
475 
72 hours 2820 1383 475 
 
Table 15. Number of DE genes between the different time points with a fold change (FC) of 
at least 2 and a maximum FDR of 0.05. 
CSP21 was used as a positive control to make sure that the results and the 
expression profile fitted with expected results. The results for CSP21 expression 
across the 12 samples are shown in Figure 45. Expression of CSP21 was close to 
zero in trophozoites but was upregulated in the first 24 hours of encystment. The 




Figure 45. Heatmap of differential expression and expression bar chart of CSP21 as a 
control. On top, a heatmap of the top 20 differentially expressed genes (obtained from the 
EdgeR analysis for DE genes) from the comparison of the four different treatments. Warm 
colours (closer to red) represent upregulated genes, while cool colours (closer to blue) 
represent downregulated genes. An X and the number of hours of each treatment 
represent the groups. On the bottom, expression of CSP21 across the different samples and 
treatments. The groups are labelled as X0, X24, X48 and X72 representing the four different 





Figure 46. Expression of 10 different selected DE genes during encystation according to the literature. The expression is presented in CPM. Each 




Figure 47. Upregulated genes after 24 hours of encystment from the TOP 50 DE between trophozoites and 24 h treatment. The graphs show the 
expression during the 72 h. The genes are identified by the gene_id at the top of each graph (genes not mentioned in the box belong to 
hypothetical proteins) Expression is measured in CPM. 
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Upregulated after 24 hours Upregulated after 48 hours Upregulated after 72 hours 
acan00592 alpha-Linolenic acid metabolism acan00071 Fatty acid degradation acan04144 Endocytosis 
acan04144 Endocytosis acan04144 Endocytosis acan04141 Protein processing in endoplasmic reticulum 
acan00563 GPI-anchor biosynthesis acan00592 alpha-Linolenic acid metabolism acan00562 Inositol phosphate metabolism 
acan00770 Pantothenate and CoA biosynthesis acan00562 Inositol phosphate metabolism acan00592 alpha-Linolenic acid metabolism 
acan00562 Inositol phosphate metabolism acan04120 Ubiquitin mediated proteolysis acan00563 GPI-anchor biosynthesis 
acan00071 Fatty acid degradation acan00563 GPI-anchor biosynthesis acan00071 Fatty acid degradation 
acan00531 Glycosaminoglycan degradation acan00561 Glycerolipid metabolism acan00561 Glycerolipid metabolism 
acan00511 Other glycan degradation acan04070 Phosphatidylinositol signalling system acan04070 Phosphatidylinositol signalling system 
acan00603 Glycosphingolipid biosynthesis acan00471 D-Glutamine and D-glutamate metabolism acan00511 Other glycan degradation 
acan00430 Taurine and hypotaurine metabolism acan00511 Other glycan degradation acan00471 D-Glutamine and D-glutamate metabolism 
acan04070 Phosphatidylinositol signalling system acan00531 Glycosaminoglycan degradation acan00531 Glycosaminoglycan degradation 
acan00410 beta-Alanine metabolism     
acan00750 Vitamin B6 metabolism   Only upregulated after 72 hours 
acan04120 Ubiquitin mediated proteolysis   Upregulated after 48 and 72 hours 
    Upregulated in the three timepoints 
    Only upregulated after 24 hours 
    Upregulated after 24 and 48 hours 
Table 16. Upregulated pathways during encystment compared to trophozoites. The table shows the pathways that are upregulated with an FDR 




 Comparison of DE pathways 
Finally, the data was used to identify differentially expressed pathways to gain a larger 
understanding of gene expression and metabolism during encystment. The pathways 
from Acanthamoeba were obtained from KEGG Pathway database (Kanehisa et al., 
2016, 2017; Kanehisa & Goto, 2000). There are 102 pathways recorded in the 
database. Between 0 and 24 hours, there were 14 pathways upregulated during 
encystment with an FDR value below 0.01.  Upregulated pathways during the different 
timepoints of encystment are shown in Table 16. The most significant pathway 
differentially expressed was endocytosis. The expression profile of the endocytosis 
pathway can be found in Figure 48. In addition, a list with the DE pathways between 
0 and 24 h can be found in Appendix 5.  
 
Table 17. Number of DE pathways. The table shows the number of pathways from the KEGG 
database that are differentially expressed and the number of pathways that are 
downregulated in relation to the earlier timepoint of the comparison. There are 102 
pathways for Acanthamoeba in the KEGG database. 
0h 24h 48h 72h
0h 76 77 51
24h 14 56 6
48h 11 12 3
72h 11 1 1
Number of DE pathways





Figure 48. Differential expression of endocytosis pathway genes during encystment. 
Comparison of trophozoites against the three different timepoints. Downregulated genes 
during the timepoint are to the left, and upregulated genes are to the right. A numeric 
vector is generated (by GAGE software) and is represented in the X-axis as statistics for 
each comparison. Each vertical line represents one annotated gene within the pathway. 
The worm represents relative enrichment of the pathway. The dotted line represents an 
enrichment value of 1.  
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Pathway expression between 48 and 72 hours is similar. Only three pathways are 
differentially expressed between 48 and 72 hours with an FDR value under 0.01. 
These pathways are basal transcriptions factors (upregulated after 48 hours), caffeine 
metabolism (downregulated after 48 hours) and nucleotide excision repair 
(upregulated after 48 hours). 
Several pathways related to molecule degradation are upregulated during encystment 
such as degradation of fatty acids, glycosaminoglycan and other polysaccharides. 
Ubiquitin-mediated proteolysis pathways found upregulated after 24 and 48 hours are 
related to the degradation of proteins required for cyst formation. 
7.4 Discussion 
There is a multitude of changes during the first 24 hours of encystment as it had the 
highest number of DE genes and pathways. In general, there are more upregulated 
genes and pathways during trophozoite stage than there are during encystment. The 
lower number of upregulated genes in encysting cells could indicate lower levels of 
expression systemically, as it differentiates into a latent stage. However, it has been 
reported that there is an increase in RNA, proteins and DNA at the beginning of the 
encystation process (Chagla & Griffiths, 1974).  
Several encystment factors of Acanthamoeba have been identified, One such factor  
is CSP21, a cyst specific protein identified to occur exclusively during encystment 
(Hirukawa et al., 1998). CSP21 is recorded in GenBank and AmoebaDB with the 
gene_id ACA1_075240. The upregulation of CSP21 was confirmed through the 
expression profile as seen in Figure 45 and used as a control. 
Figure 46 shows other previously reported proteins related to encystment that include 
cellulose synthase, xylose isomerase, glycan phosphorylases and proteases. 
Cellulose synthase is crucial in the formation of endocysts (Moon et al., 2012). 
Silencing cellulose synthase and xylose isomerase inhibits encystation (Aqeel et al., 
2013). The results found for cellulose synthase and xylose isomerase indicate that 
both are upregulated during encystment. However, the expression of  cellulose 
synthase was not significant under the criteria used presenting a LogFC below 2 and 
therefore was ignored for this study. Additionally, UDP glucose pyrophosphorylase 2 
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and glycogen phosphorylase have been related to encystment (Moon & Kong, 2012; 
Potter & Weisman, 1971; Weisman et al., 1969). Glycogen phosphorylase is the main 
mechanisms to maintain glucose levels required for encystment, and it required for 
the assembly of the endocyst wall (Lorenzo-Morales et al., 2008). However, only the 
gene for UDP glucose phosphorylase 2 (ACA1_222730) was upregulated during 
differentiation therefore it can be assumed it is partly responsible of maintaining 
glucose levels during the process. UDP glucose phosphorylase 1 and glycogen 
phosphorylase 1 were downregulated and do not seem to participate in the process. 
Also, the cysteine protease inhibitor AcStefin has been associated with full cyst 
formation (Lee et al., 2013). Nevertheless, results obtained from the analysis do not 
corroborate these findings, as AcStefin is not significantly upregulated.  
In addition, proteases play an important role during encystation. Serine and cysteine 
proteases are important in the early stages of differentiation as they help break apart 
proteins before cyst wall formation (Leitsch et al., 2010; Moon et al., 2008b). Serine 
proteases were shown to have a 282 higher FC expression in cysts than in 
trophozoites using microarray analysis (Moon et al., 2011). Also, a serine protease 
from the subtilisin family was identified as a factor using RACE-PCR (Moon et al., 
2007). In addition, a cyst specific cysteine protease degrades the mitochondria during 
differentiation (Moon et al., 2012). Additionally, AmoebaDB has two encystment 
mediating serine proteases that are upregulated after 24 hours on encysting media, 
and almost non-existent before or after. All the proteases related to encystment in the 
literature that could be linked to the dataset and genome annotation, were found to 
be upregulated. 
Several of the proteins reported in the literature were not found in the dataset, 
therefore data could not be found. According to Moon, arginine methyltransferase 5 
is an epigenetic regulator of encystment (Moon et al., 2016). However, the gene was 
not found in the available genome databases so it cannot be confirmed. Nevertheless, 
similar Acanthamoeba proteins such as arginine nMethyltransferase, or other proteins 
containing the domain found through AmoebaDB (ACA1_263190, ACA1_279220, 
ACA1_236480 and ACA1_236470), were not expressed at significantly different 
levels or were downregulated at a LogFC below 2. In addition, A. castellanii 
metacaspase protein is not annotated in the reference genome, therefore, could not 
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be analysed (Saheb et al., 2015). A more thorough and in-depth bioinformatics 
analysis should be capable of identifying some of these proteins in the genome. 
Several new upregulated genes during encystment were identified and are shown in 
Figure 47. Such proteins include chondroitinase B, an ATPase, a regulator of 
chromosome condensation and a phosphohydrolase. Mainly, these proteins are 
related to protein degradation and energy utilisation. Chondroitinase (gene_ID 
ACA1_062050 in Figure 47) is upregulated during the first 48 hours of encystment. 
Chondroitinase helps in the degradation of chondroitin sulphate proteoglycans before 
the formation of the cyst. Chondroitin sulphate proteoglycans play a role in the 
adhesion to surfaces or host cells for other pathogenic protozoans such as 
Plasmodium falciparum and Toxoplasma gondii (Carruthers et al., 2000; Creasey et 
al., 2003). Upregulation of chondroitinase is related to the lack of adhesion of cysts 
since they do not require or are capable of adhering to surfaces or host cells. The lack 
of adhesion can help cysts move through aerosols increasing the likelihood of finding 
favourable conditions. Chondroitinase has been studied as a potential drug candidate 
(Kasinathan et al., 2016). 
A big challenge and opportunity in working with mRNAseq from Acanthamoeba is the 
high number of proteins reported as hypothetical. From the top 50 DE genes between 
0 and 24 hours, 19 were hypothetical proteins. Of the 19 hypothetical proteins, four 
had recognisable putative domains as shown in Table 18. Behera and Satpathy 
performed 2D SDS PAGE and identified several proteins as differentially expressed 
during encystment. These proteins included the “hypothetical” protein aCA1 and a 
“eukaryotic porin protein” (Behera & Satpathy, 2016).  
Gene_id LogFC Protein Length Putative domains (BLASTp) 
ACA1_365840 -7.44646217 380 Endomucin superfamily 
ACA1_227710 5.387266338 701 SMC_N superfamily 
ACA1_282980 7.231880132 231 Ependymin superfamily 
ACA1_186030 4.498676216 902 DNA polymerase III subunits gamma and tau 
Table 18. Hypothetical proteins from the comparison between trophozoites and 24 
encystation with a recognised domain obtained through BLASTp. 
Once, the DE genes were analysed, an analysis was performed to look at the 
pathways involved. The KEGG database has 102 recorded pathways for 
Acanthamoeba. Large numbers of the pathways reported were DE, mainly during the 
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first 24 hours. However, most of the DE pathways were downregulated 24 hours after 
the encystment stimulus (over 81.5% of the DE pathways and 60.7% of the total 
pathways analysed compared to 24 hours).  Only 14 pathways (13.7%) were found to 
be significantly upregulated during encystment after 24 hours. Of the upregulated 
pathways, several of them are related to molecule degradation required before cyst 
formation (Leitsch et al., 2010).  Moon used KOG database using expressed 
sequence tags (ESTs) of differentially expressed genes to identify orthologous groups 
important in encystment (Moon et al., 2008a). However, the use of different databases 
and the limited number of fragments used do not make a comparison between the 
groups feasible. 
Dudley et al. identified the mitogen-activated protein-kinase mediated pathways as 
being down-regulated during encystment (Dudley et al., 2009). Only one of the protein 
kinases recorded in AmoebaDB was found to be downregulated (Figure 46). 
However, the pathway is not recorded in the KEGG database, and could not be 
verified as a whole. Also, Moon et al (2011) reported another serine-threonine cyst 
specific protein kinase, was not found to be upregulated. 
Endocytosis pathway is upregulated during the three timepoint of encystment as seen 
in Figure 48. Acanthamoeba Type-I metacaspase (Acmcp) is upregulated in 
encystment and is related to endocytosis and phagocytosis in Acanthamoeba (Saheb 
et al., 2014, 2015).  
Study of the pathways and clarification of a larger number of pathways helps 
understand the systematics of Acanthamoeba. The understanding of the biology of 
Acanthamoeba at a higher level might help combat AK (Lorenzo-Morales et al., 2013). 
Some of the 14 upregulated pathways during encystment could be targeted to treat 
infection and deal with the persistence of the pathogen.  
Understanding the molecular mechanisms of Acanthamoeba differentiation should 
help disrupt encystment, making it easier to treat infections. It could also help develop 
drugs against cyst-forming protozoa (Moon et al., 2007). The results presented in this 
study still need to be verified using qPCR. Additionally, mRNA sequencing analysis 
from other genotypes, pseudocyst differentiation, excystation and other time-points (8 
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hours and mature cysts after at least 96 hours) could prove valuable to have a better 




Chapter 8 Acanthamoeba enzymes 
8.1 Introduction 
Protozoans, such as Acanthamoeba, secrete different bioactive proteins that help 
modulate the interactions with other microorganisms (Bayer-Santos et al., 2013). 
Acanthamoeba produces several antimicrobials to target bacteria (Iqbal et al., 2014).  
Acanthamoeba produces different hydrolytic enzymes, such as proteases, whose 
main physiological purpose appears to be the degradation of substrates for nutrition 
purposes (Piña-Vázquez et al., 2012). Acanthamoeba feeds through phagocytosis 
and pinocytosis (Bowers & Olszewski, 1972).  However, the mechanisms in which 
Acanthamoeba decides which process to undertake are poorly understood. In 1969, 
it was  discovered that homogenates of Acanthamoeba presented ribonuclease, 
phosphatase, proteinase, α-glucosidase, β-N-acetylglucosaminidase, β-
glucuronidase, amylase and peptidase activity (Muller, 1969; Rosenthal et al., 1969). 
A. palestiniensis presented a high level of α- and β- glucosidase activity (Lasman, 
1975). Furthermore, Drozański identified bacteriolytic enzymes from A. castellanii 
(Drozanski, 1969, 1971; Drozański, 1978).  
Proteases are some of the most commonly researched proteins from Acanthamoeba. 
Studies have shown that Acanthamoeba can produce proteases of varying molecular 
weight, including some of 12, 22, 24, 26, 33, 35, 42, 49, 55, 59, 66, 70, 80, 97, 100, 
107, 130 and 230 kDa (Cao et al., 1998; Hadas & Mazur, 1993; Khan et al., 2000; 
Kim et al., 2003; Kong et al., 2000; Leher et al., 1998; Mitro et al., 1994; Na et al., 
2001). Cysts do not show any extracellular protease activity (Mitro et al., 1994). Most 
of the molecular weights for the proteases mentioned before are only apparent as  
migration is delayed by interaction with the substrate during electrophoresis.  
Acanthamoeba proteases play an important role in pathogenicity (Lorenzo-Morales et 
al., 2005b). This occurs as they increase cell permeability, are capable of disrupting 
cell monolayers and can degrade the human extracellular matrix (Alsam et al., 2005b; 
Piña-Vázquez et al., 2012; Sissons et al., 2006). In addition, some proteases are 
capable of producing cytotoxic effects (Cho et al., 2000). Furthermore, Acanthamoeba 
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produces proteases capable of degrading iron binding proteins, that helps keep free 
radicals loss and avoid tissue or cell degradation (Ramírez-Rico et al., 2015). 
Previously, isoenzymes from Acanthamoeba have been used for classification 
(Jonckheere, 1983). However, comparisons between similar studies are complicated 
as enzyme production can be altered depending on the circumstances and according 
to the life cycle (Moon et al., 2008b). Nevertheless, enzyme activity comparison 
between strains and species could be used for ecological purposes (Costas & 
Griffiths, 1985). Proteases activity profile has been suggested as a way to differentiate 
between pathogenic and non-pathogenic Acanthamoeba strains (Khan et al., 2000). 
However it subsequently became clear that the situation is complex. Nevertheless, 
the secretion of lytic proteins mediates the lysis of microorganism and the invasion of 
tissue (Piña-Vázquez et al., 2012). Understanding the molecular processes by which 
Acanthamoeba feeds, and the enzymes it produces are of therapeutic importance. 
 Chapter objectives 
Different secreted enzymes were researched with the goal of identifying potential 
antimicrobial agents and perform a simple characterization of such secretions.The 
characterization of isoenzymes can be of value for classification. Proteases, amylases 
and cellulases were studied through zymograms. In addition, a new antimicrobial 
zymogram was developed for a rapid identification of potential bacteriolytic proteins. 
The expression of several enzymes during encystment was also analysed using the 
mRNAseq data. One bacteriolytic protease and two encysting mediating proteases 
were identified.  
8.2 Materials and Methods 
A diagram of the materials and methods used is shown in Figure 49. A more detailed 




Figure 49. Diagram of methods used in Chapter 8 to characterise enzymes secreted by 
Acanthamoeba though zymograms. 
8.3 Results 
Zymograms were used to identify the secretions of Acanthamoeba. Protease 
zymograms were the focus of this chapter. The intention was to identify proteins 
involved in the digestion of bacteria. Once proteases were identified, an antimicrobial 
zymogram was developed to compare with protease zymogram results, identifying 
one protease capable of destroying bacteria. Finally, cellulase, pectinase and 
amylase zymograms were performed to build a more complete picture of 
Acanthamoeba secretions.  
 Protease zymograms and protease inhibitors  
Several serine proteases from A. castellanii Neff strain were observed through 
gelatine zymograms. The proteases were identified as serine proteases as they were 
successfully inhibited with PMSF as seen in Figure 50. One of these proteases was 
identified to have a molecular weight close to 33 kDa. Using EDTA as a protease 
inhibitor substitute, slightly reduced the protease activity, but it did not inhibit the 
activity. Three different genotypes from two different morphogroups were tested in 
zymograms: T2 (morphogroup III), T5 (III) and T4 (II). Some genotypes showed 
different proteolytic patterns. However, there was no relation between morphogroups. 
Genotypes T4 and T5 (morphogroups II and II respectively) showed the same 
proteolytic profile, while T2 showed a different one. The proteolytic profile of five 



















Other amoebae were tested for the secretion of proteases. Such amoebae were 
Allovahlkampfia minuta and Vannella spp. from strains KC and Arn. The tested 
Vannella spp. did not show any proteolytic activity in the supernatant. However, A. 
minuta did show slight activity during trophozoite stage.  The results of the zymograms 
are shown in Figure 52 and Figure 53.  
To try to modulate protease expression, samples were treated with pentoxifylline, 
propranolol and isoprenaline. There were no significant changes in protease 
expression as seen in Figure 54 
 
Figure 50. Protease inhibition zymogram. Protease zymogram using AX2 media as a 
negative control. All samples were from Neff strain and were treated with EDTA and PMSF 
as shown in the top of the gel. Two samples were loaded for each treatment: lysed cells 
and supernatant. The image was transformed into greyscale, colours inverted, and contrast 
altered to obtain a higher resolution of the bands. 
 
Figure 51. Protease zymogram for five different Acanthamoeba strains. 1) Neff strain 2) 
Strain 65 genotype T4 3) Strain 61 genotype T2 4) Strain 64 genotype T4 5) Strain BC 
genotype T5. The image was transformed into greyscale, colours inverted, and contrast 





Figure 52. Protease zymogram from Allovahlkampfia minuta. A) AX2 supernatant from 
Acanthamoeba as a positive control. B) NS as a negative control. C) NS supernatant from 
E. coli. D) NS supernatant from A. minuta. The arrow points at the band formed by A. 
minuta proteases. The image was transformed into greyscale, colours inverted, and 
contrast altered to obtain a higher resolution of the bands. 
 
 
Figure 53. Protease zymogram from Vannella spp. A) AX2 supernatant from Acanthamoeba 
as a positive control. B) NS supernatant from E. coli. C) NS supernatant from A. minuta 
cysts. D) NS supernatant from Vannella sp. KC strain. E) NS supernatant from Vannella sp. 
Arn strain. The image was transformed into greyscale, colours inverted, and contrast 




Figure 54. Protease effect of pentoxifylline (1), propranolol 250 µg (2), propranolol 500 µg 
(3), isoprenaline 250 µg (4) and isoprenaline 500 µg (5). At the top, protease zymogram 
with the eighteen samples that included the control and the five treatments after 6, 24 and 
48 hours, from left to right respectively. The lanes were delimited, and the image was 
transformed into greyscale, colours inverted, contrast altered to obtain a higher resolution 
of the bands. The graphs show the number of pixels in each band (Measurement unit in 
the y-axis) under the curve estimated using ImageJ. The graph for 6 hours is not shown. 
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 Chromatography for isolation of proteases 
The secreted proteases from Acanthamoeba were not successfully isolated by 
chromatography. Isolating the protein required the repetition of several steps that 
include precipitation, dialysis and chromatography. By the time the steps had been 
performed, most of the proteins had been degraded. Partial results from 
chromatography are shown in Figure 55.  
 
Figure 55. Chromatography results from protein precipitate from Neff strain. A) Protease 
zymogram where AX2 was used as a negative control, D shows the dialysate, and every 
number represents the number of the fraction loaded in the gel (7 µl each sample). The 
image was transformed into greyscale, colours inverted, and contrast altered to obtain a 
higher resolution of the bands.  B) Absorbance read at 280 nm for all the fractions. 1-4 are 
the flow through after loading the sample. 5-30 are the fractions from the washing steps. 
31 to 80 are the samples treated with a gradient of KCl. 80 to 91 are the samples after a 
final washing step. C) The resistance of selected samples was measured. 
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 Development of an antimicrobial zymogram 
One focus of the research was to identify potential antimicrobial proteins. Therefore, 
an antimicrobial zymogram was developed to observe bacteriolytic activity from 
protein extracts. The antimicrobial zymogram was tested with two different gram-
negative bacteria E. coli and Arcobacter butzlerii. Both bacterial species were 
adequate for the antimicrobial zymogram. 
Four different stains were tested for the antimicrobial zymogram. Such stains and their 
conditions are shown: 
• Acridine orange (AO): Incubation for 20 min with 20 ml of H20 with 0.02% of 
AO. Destain with H2O. 
• Coomassie: Incubating for 1 h with Coomassie stain. Destain with a destaining 
solution made of H2O, methanol (10%) and acetic acid (5%). 
• Methylene blue (MB): Incubation for 90 min with 20 ml of H2O with 0.02 g of 
MB, 0.002 g NaOH and 0.002 g KCl. Destain with H2O. 
• Alcian Blue (AB): Incubation for 3 h in 18 ml of H20, 2 ml of 95% ethanol and 
0.06 g AB. Destain with H2O. 
Of the four stains, only Coomassie was able to resolve bands where antimicrobial 
activity happened. Both AO and MB did not destain. AB did not stain the gel. Results 
from the different stains are shown in Figure 56. Although, not evident in the Figure 
56A, Coomassie stain did show a slight band of bacteriolytic activity. The ability of 
Coomassie to resolve bacteriolytic activity can be seen clearly in Figure 56B.  
From the development of the antimicrobial zymogram, one protease was identified 
that had antimicrobial properties. This was verified as the incubation of the samples 
with PMSF inhibited the bacteriolytic activity (Figure 59). Incubation with EDTA 
lowered the bacteriolytic activity, but it did not inhibit it altogether, as it occurred in 
protease zymograms. This protease had an apparent size close to 33 kDa and was 
denominated Protease 33.  
Different temperatures were also tested as seen in Figure 57. The antimicrobial 
protease was able to maintain bacteriolytic activity at high (50˚C) and low 
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temperatures (4˚C). Results were similar when using A. butzlerii as a substrate as 
seen in Figure 58. However, the highest temperature tested was 37˚.  
 
Figure 56. Comparison of different conditions for antimicrobial zymogram. A) Different 
stains were tested: 1) Acridine orange, 2) Coomassie blue, 3) Methylene Blue, 4) Alcian 
Blue. The pictured was cut to show the midsection where the bacteriolytic activity should 
have happened. B) Two different strains (Neff and strain 53) were run with cells’ extract 
and supernatant (SN) and stained with Coomassie using AX2 media as a control. 
 
Figure 57. Temperature effect on antimicrobial zymogram. Four different temperatures 
were tested to see antimicrobial activity in a zymogram with E. coli as a substrate. Images 





Figure 58. Antimicrobial zymogram with A. butzlerii as substrate. Left) The gel shows the 
antimicrobial zymogram substituting E. coli with A. butzlerii with loaded cells and 
supernatant (SN). AX2 media was used as a negative control. Right) Different incubation 
temperatures for antimicrobial zymogram using A. butzlerii as substrate and Neff strain 
supernatant as a sample. 
 
Figure 59. Antimicrobial zymograms with protease inhibitors. On top, antimicrobial 
zymogram with samples belonging to Neff strain. The gels were loaded with lysate cells 
and supernatant (SN). Samples were treated with EDTA and PMSF. On the bottom, 
antimicrobial zymogram with AX2 media as a negative control. All samples were from the 
supernatant (SN), but some were treated with protease inhibitor (PMSF). The “Incubation 
treatment” label refers to PMSF being added to incubation buffer after electrophoresis.  
Images were transformed into greyscale, colours inverted, and contrast altered to obtain a 
higher resolution of the bands. 
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 Amylase, cellulase and pectinase zymograms 
Additionally, zymograms were performed to test for amylase, pectinase and cellulase 
secretions from Acanthamoeba trophozoites. Cellulase and pectinase activity was not 
detected through zymograms. However, there was amylase activity from the 
supernatant. Results for amylase and cellulase activity can be found in Figure 60. 
Pectinase results are not shown. 
 
Figure 60. Cellulase and amylase zymograms. A) Cellulase zymogram with 1) Loading buffer 
as a negative control, 2) Cellulase (5 µl) as a positive control, 3) SN from Neff strain culture, 
and 4) Cell lysate from Neff strain. B) Amylase zymogram including 1) Amylase (15 µl) as a 
positive control and 2) Neff strain SN. Images were transformed into greyscale, and 
contrast altered to obtain a higher resolution of the bands. 
 Differential expression of enzymes during 
encystment through mRNAseq  
Finally, the results from the mRNAseq from Chapter 7 were analysed to identify the 
expression profile of enzymes during encystation. AmoebaDB was used to search for 
records related to cellulases, lipases, amylases and proteases. The records found 
were used to identify enzymes involved in the encystation process with the RNAseq 
results. The results from all the records found and their expression during encystment 




Figure 61. Expression profile of three encysting mediating proteases. The encystation 
mediating proteinase was used as a control as it has already been identified previously. 
The other two bar charts present similar profiles from two cysteine proteases. Each bar 
represents one sample of the four treatments: 0 hours (trophozoites), 24, 48 and 72 hours 
after addition of encysting media. 
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Figure 62. Differential expression during encystment of four different enzymes. Each bar 
represents one sample of the four treatments: 0 hours (trophozoites), 24, 48 and 72 hours 
after addition of encysting media. 
Two new cysteine proteases involved in the encystation process were identified 
(Gene_IDs ACA1_115390 and ACA1_138380). Several other proteases were 
identified in the databases but were either just fragments of another protein or too 
similar to previously identified proteases. The expression profile of these proteases is 
found in Figure 61. 
Other enzymes were identified that presented differential expression during 
encystment. The most relevant included a member of the cellulase subfamily 
(ACA1_063240), a glucan branching amylase (ACA1_013390), a transmembrane 
protein lipase (ACA1_143690) and a lipase maturation factor (ACA1_143690). Of 
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these enzymes, only the amylase was downregulated during encystment. The 
expression profiles can be found in Figure 62. 
8.4 Discussion 
Interactions between amoebae and bacteria play an essential role in the ecosystem. 
The interaction between Acanthamoeba and bacteria can result in bacterial lysis, a 
symbiotic relation or even amoebal lysis (Khan & Siddiqui, 2014).  Like many other 
microbes, Acanthamoeba has developed protein secretions capable of killing or 
inhibiting the growth of bacteria (Iqbal et al., 2014). Some of those bactericidal factors 
are proteases, which standard eukaryotic proteases are not capable of doing.  
Proteases are vital for Acanthamoeba as they serve several physiological purposes 
necessary for the survival of the microorganisms. One of such purposes is nutrition 
(Lorenzo-Morales et al., 2013). Acanthamoeba invasion is possible through the 
production of proteases that help them digest the invaded tissue. However, some 
proteases from Acanthamoeba do not produce tissue destruction, but tissue 
disruption where proteases alter cell junctions and produce separation (Omaña-
Molina et al., 2013). Proteases can also increase cell permeability (Alsam et al., 
2005b). Serine proteases of 130 and 150 kDa did not show cytotoxic effects but were 
capable of disrupting monolayers (Sissons et al., 2006). Other proteases, including a 
42 kDa serine protease, are capable of degrading human corneal extracellular matrix 
(Cho et al., 2000; Piña-Vázquez et al., 2012). Furthermore, some of the serine 
proteases have been characterized as elastases (Ferreira et al., 2009). Some of the 
proteases produced by Acanthamoeba can be activated by contact. Acanthamoeba 
trophozoites secrete a mannose-induced serine protease with a weight over 100 kDa 
(Leher et al., 1998). However, Acanthamoeba secretes plasminogen activator by 
contact independent mechanisms (Mitra et al., 1995). Having so many different 
proteases, Acanthamoeba has shown to be able to produce proteases with several 
purposes. 
Acanthamoeba produces three kinds of proteases: serine proteases, 
metalloproteases (Alsam et al., 2005b; Sissons et al., 2006) and cysteine proteases 
(Hadas & Mazur, 1993). Studies have shown that serine proteases and 
metalloproteases play an important role in pathogenicity (Cao et al., 1998; Hurt et al., 
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2003). Since they play a role in infection, proteases might be an option for treatment, 
such as siRNA (Lorenzo-Morales et al., 2005b). The secretion of lytic proteins 
mediates invasion and tissue invasion. Therefore, the development of therapies 
focused on such proteases might help deal with infection (Piña-Vázquez et al., 2012). 
Being capable of modulating protease production, could help deal with 
Acanthamoeba. G proteins are regulators of cellular activity related to proteolytic 
activity as they carry protease activated receptors capable of activating the innate 
immune response in humans through the production of antimicrobial peptides (Chung 
et al., 2004). Aqeel et al. discovered a similar relation between G proteins and 
protease secretion in Acanthamoeba (Aqeel et al., 2015). They showed that using 
inhibitors of β-adrenergic receptors such as propranolol could lower protease activity. 
However, a receptor agonist such as isoprenaline supposedly increased proteolytic 
activity. Results showed that the presence of propranolol did decrease slightly 
proteolytic activity (Aqeel et al., 2015). However, protease secretion did not increase 
in the presence of isoprenaline. The β-adrenergic receptors that are stimulated can 
also be increased with pentoxifylline. Mauduit et al. (1984) showed that lacrimal 
glands protein secretion could be altered using the three drugs. The results obtained 
did not show any significant change in protein secretion. Proteases experiments with 
isoprenaline, propranolol and pentoxifylline did not have a significant effect on 
protease production. 
Cysteine proteases play a significant role in Acanthamoeba encystment (Leitsch et 
al., 2010). One cysteine protease has been identified as an encystment factor that 
plays an important role in autophagosomal mitochondrial degradation (Moon et al., 
2012). At least two other proteases were identified in the current work that appear to 
be modulating encystment in Acanthamoeba. Unlike the previously reported serine 
protease, the newly identified proteases were recognised as papain-like cysteine 
proteases using Phyre2 protein modelling (Kelley et al., 2015). Future studies should 
look into silencing the encystation mediating proteases identified and the previously 
reported one (Moon et al., 2008b). 
Another possible enzyme to target when dealing with Acanthamoeba are cellulases 
as one of the principal components of the cyst wall is cellulose (Blanton & Villemez, 
1978; Tomlinson & Jones, 1962). Acanthamoeba has a cellulose degrading system 
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(Deichmann et al., 1977). The A. castellanii cellulase is similar to bacterial proteins, 
and it belongs to glycosyl hydrolase family 5 (Anderson et al., 2005).The study of the 
genome was able to identify several genes that code for cellulases (Clarke et al., 
2013). At least one of those cellulases is overexpressed during encystment. 
Cellulases are important in other protozoans such as Dictyostelium discoideum, which 
produces a cellulase during spore germination (Blume & Ennis, 1991). The increase 
in cellulase expression during encystment can be attributed to the increase in 
cellulose in the organism.  
Most living organisms need to be able to exploit polysaccharides found in the 
environment, but no animal type amylases are found in Amoebozoa organisms (Da 
Lage et al., 2007). It was shown in Figure 60 that Acanthamoeba trophozoites produce 
amylases that are downregulated during encystment, in accordance with the lower 
metabolic rate of cysts. 
Other proteins involved in pathogenicity include adhesins such as the mannose-
binding protein and laminin-binding protein (Garate et al., 2004; Hong et al., 2004). 
Furthermore, Acanthamoeba is capable of secreting ecto-ATPases of different 
molecular weights (Sissons et al., 2004). Also, glycosidases and phospholipases are 
secreted by Acanthamoeba and are factors in pathogenicity of the amoebae 
(Lorenzo-Morales et al., 2015; Matin & Jung, 2011; Mortazavi et al., 2011).  
During encystment, several lipases are upregulated. In addition, a transmembrane 
protein (ACA1_143690) with the LMF1 superfamily domain that refers to 
transmembrane proteins that include lipase maturation factors.  This process 
coincides with the degradation of molecules needed prior to the formation of the cyst 
(Leitsch et al., 2010). 
Acanthamoeba secretions are vital in several processes, which include the two mainly 
studied processes during this study: nutrition and encystment. Understanding how 
Acanthamoeba is capable of lysing bacteria provides an opportunity to imitate such 
process to fight several bacterial infections. Understanding these processes might 
also help deal with Acanthamoeba as altering its feeding processes could prove of 
therapeutic importance.   
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Chapter 9 Cloning of antimicrobial proteins 
9.1 Introduction 
Based on the results from previous chapters, two potential antimicrobial proteins were 
selected for cloning: a lysozyme and Protease 33. 
 Protease 33 
Proteases are hydrolytic enzymes of physiological and industrial importance (Rao 
1998). Protease inhibitors and polyclonal antibodies were successful inhibiting 
Acanthamoeba destruction of corneal epithelial cells (Kim et al., 2006). A 33 kDa 
serine protease plays an important role in pathogenicity and invasion of corneal 
tissue. This protease was identified in A. castellanii, A. healyii and A. ludgunensis 
(Kim et al., 2003; Kong et al., 2000). The cDNA encoding this protease was amplified 
and cloned for characterisation.  
 Lysozyme 
Lysozymes are hydrolases also known as muramidase or N-acetylmuramide 
glucanhydrolase. Lysozymes hydrolase peptidoglycan that covers bacterial cell wall, 
producing cell lysis (Masschalck & Michiels, 2003). Lysozymes were first observed by 
Laschtschenko as the bacteriolytic activity of chicken egg white (Laschtschenko, 
1909). However, Alexander Fleming first coined the term “lysozyme”, after identifying 
several substances with bacteriolytic properties (Fleming & Allison, 1922). Lysozymes 
are ubiquitous enzymes that can be found in animals, fungi, plants and bacteria (Jollès 
& Jollès, 1984). A lysozyme from Acanthamoeba was first reported by Drozansky in 
1968 (Drozański, 1969). 
 Chapter objectives 
The objective was to clone Protease 33 and the lysozyme on E. coli for heterologous 
expression. The goal was to obtain purified proteins to be able to characterise their 
effect on different bacteria species. In the case of the protease, another objective was 
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to corroborate if the 33 kDa serine protease was Protease 33 shown to have 
antimicrobial properties. 
9.2 Materials and Methods 
A diagram of the materials and methods used is shown in Figure 63. A more detailed 
explanation of the protocols and experiments performed can be found in Chapter 2.  
 
Figure 63. Diagram of methods used in Chapter 9 to clone selected proteins from 
Acanthamoeba. 
9.3 Results 
Protease 33 was identified through zymograms (protease and antimicrobial). In 
chapter 8, the protease with antimicrobial properties was estimated to have a size of 
33 kDa. Through AmoebaDB and literature research, a similarly sized serine protease 
of 33 kDa was identified and selected for cloning. Additionally, literature research was 
used to look for other antimicrobial proteins. From this search, a lysozyme was 
selected. The sequence for the lysozyme was found through AmoebaDB and selected 
for cloning. 
Once identified, primers for each gene were designed considering the different 
cloning systems. First, RNA was purified to form cDNA libraries. Then, both genes 
were successfully amplified from the cDNA libraries. Once amplified, the genes were 
cloned into expression vectors from the Gateway and aLICator cloning systems. 
Amoebae culture RNA extraction
RT-PCR for 




Cloning of genes 



















Plasmid maps for all the constructs can be observed in Chapter 2. The primers used 
for cloning are found in Appendix 2.  
Heterologous expression of the proteins in E. coli was not possible with either cloning 
system. Different media (LB, 2xTY and TB), volumes, incubation temperatures and 
IPTG concentrations were tested to induce expression with negative results. Also, 
after cloning in BL21 DE3 E. coli strain did not work, a Rosetta 2 (DE3) pLysS 
genotype was tested with equally unsuccessful results. The Rosetta 2 (DE3) pLysS 
strain is specially designed to express toxic proteins and to translate codons that are 
rarely used in E. coli.  
The translation of the obtained sequences aligned with the closest match through 




Figure 64. Protease and lysozyme full protein sequence compared with database entries. 
The images were obtained copying directly from NCBI BLAST webpage. The Query line 







Figure 65. Translated fragment of Protease 33 as sequenced from pLATE52 from aLICator cloning system. The top sequence was obtained from 
AmoebaDB. The bottom sequence was obtained through sequencing of the plasmid. Image cropped from MEGA 7. 
 
Figure 66. Comparison fragment of the amino acid sequences for lysozyme from database and sequencing. Shows the fragment where three amino 










Figure 67. VHY deletion alignment comparing 10 lysozyme sequences. 
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 Cloning of protease 33 
The gene assumed Protease 33 (ACA1_069730) was successfully amplified from 
cDNA obtained from Acanthamoeba Neff strain axenic cultures. The theoretical 
molecular weight from the sequence of the protease was 44 kDa. The plasmid was 
then sent for sequencing to Edinburgh Genomics. The sequence of the cloned 
protease gene showed several mutations. The mutations resulted in six amino acids 
changes compared to the sequence reported in AmoebaDB. However, the changes 
did not alter the reading frame. A fragment of the sequence including part of the 
plasmid can be observed in Figure 65.  
Since the protease selected from Acanthamoeba was a secreted protein found in the 
supernatant, a hydropathy plot was created to look for hydrophobic domains that 
could indicate secretion from the cell. The Protease 33 sequence contains a positive 
hydrophobic domain in the N-terminal, indicating such possibility. The hydropathy plot 
can be observed in Figure 68.  
 
Figure 68. Hydropathy plot for Protease 33. The red line shows the hydrophobic domain at 




 Cloning of the lysozyme 
The lysozyme gene (gene id ACA1_069730) could not be amplified from cDNA 
libraries created from RNA extractions obtained from Acanthamoeba Neff strain 
grown in axenic cultures. However, the gene was successfully amplified when the 
RNA extraction was performed from co-cultures of Acanthamoeba Neff strain and E. 
coli. Once isolated, cDNA libraries were used to clone the gene into the appropriate 
plasmids. The plasmids were sent for sequencing to verify the sequence of the gene 
through comparison with the database sequence. Both sequences had high similarity 
but were not exact. Once translated, the cloned sequence presented the deletion of 
three amino acids in the 89 to 91 positions of the protein as seen in Figure 66. These 
three amino acid were valine, histidine and tyrosine (VHY) in the original sequence. 
Another mutation resulted in the change of one glutamine for an arginine. However, 
these mutations did not alter the reading frame of the protein.  
To identify lysozymes with a similar VHY deletion, a BLASTp was performed with the 
sequence obtained. From the top 100 results, 49 were selected that included the 
words “lysozyme” or “glycoside hydrolase.” The 49 records were aligned with the 
sequences from the database and our sequenced result. There were four other 
species that presented the same deletion: Polysphondylium pallidum, Dictiostelyum 
discoideum, Dictiostelyum fasciculatum and Dictyostelium lacteum. All four species 
are slime moulds belonging to the Dictiostellidae family. The fragments showing the 
VHY deletion in the different species are shown in Figure 67.  
Analysis of the cloned sequence showed a protein with a molecular weight of 25.8 
kDa. The lysozyme also contains a positive hydrophobic domain in the N-terminal 
indicating the possibility of secretion from the cell. The hydropathy plot can be 




Figure 69. Hydropathy plot for Acanthamoeba lysozyme. The red line shows the 
hydrophobic domain at the N-terminal of the protein. The hydropathy plot was created 
using MPEx software. 
9.4 Discussion 
Production of lytic proteins by protozoans is a common defence mechanism against 
other microorganisms. One example is the hydrolysis of antimicrobial peptides by a 
protease expressed by Leishmania (Kulkarni et al., 2006). Proteases can also activate 
the production of antimicrobial peptides and modify precursors leading to the 
formation of such peptides (Faye et al., 2004; Lee et al., 2010; Shinnar et al., 2003). 
Some eukaryotes have proteins capable of developing antimicrobial properties when 
in contact with bacterial proteases (Corrêa et al., 2011; Tagai et al., 2011). Moreover, 
protease inhibitors play a role in inflammation, extracellular matrix synthesis and 
tissue repair (Hiemstra, 2002). Protease inhibitors can have bactericidal effects. Two 
examples are the human secretory leukocyte protease inhibitors and protease 
inhibitors isolated from frog skin secretions (Ali et al., 2002; Doumas & Kolokotronis, 
2005). Since Protease 33 is secreted in axenic cultures, it might have a role in 
prevention and defence. However, the lysozyme was only expressed when in the 
presence of prey, indicating a role in digestion more than defence.  
 Proteases capable of bacterial lysis, such as Protease 33, have been researched for 
some time. The most common examples of such proteases come from prokaryotes. 
One such example is lysostaphin, which is an antimicrobial protease produced by 
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Staphylococcus simulans against Staphylococcus aureus (Schindler & Schuhardt, 
1964). However, the potential of prokaryotic proteases against other prokaryotes is 
limited as gene resistance could spread rapidly through horizontal gene transfer 
(Bardelang et al., 2009). Nonetheless, eukaryotic proteases with potential bactericidal 
capabilities are another option as they are less likely to be affected by gene transfer 
and produce antimicrobial resistance. Unfortunately, eukaryotic proteases with 
bactericidal capabilities are scarce. An aspartic protease with antimicrobial properties 
is found in potatoes (Guevara et al., 2002). A 43 kDa serine protease with activity 
against gram-negative bacteria was isolated from horseshoe crabs (Kawabata et al., 
1996). Additionally, a 48 kDa serine protease was isolated from jackfruit (Artocarpus 
heterophyllus) latex (Siritapetawee et al., 2012). Proteinase 3 from neutrophils has 
also been identified as a serine protease with potential antimicrobial activity 
(Campanelli et al., 1990). Protease 33 has also shown bactericidal capabilities. 
However, we were not able to confirm that the 33 kDa protease reported in the 
literature was the Protease 33 observed in the antimicrobial zymograms (Hong et al., 
2000; Kim et al., 2003, 2006). Successful expression and characterisation of the 
protease are needed to identify the protease efficiently and to verify the sequence. 
New chromatography techniques could help isolate the protein from the supernatant 
in a faster manner allowing for direct characterisation.  
Drozansky (1971; 1969)first identified the lysozyme from Acanthamoeba and found 
that a pH of 5.0 was optimal for its function. Vacuoles of some protozoans become 
acidic soon after ingesting food (Drozanski, 1969; Greenwood & Saunders, 1891; 
Howland, 1928; Le Dantec, 1891). The presence of lysozyme can help prevent 
antimicrobial growth within digestive vacuoles helping in nutrition (Leippe, 1999). Korn 
and Olivecrona (1971) also identified a membrane protein in Acanthamoeba with 
similar characteristics to a lysozyme. The study of Acanthamoeba’s genome identified 
at least one putative lysozyme that could depolymerise bacterial peptidoglycan 
(Anderson et al., 2005; Clarke et al., 2013). Other protozoans such as Dictyostelium 
dyscoideum, Entamoeba histolytica and another unidentified free-living amoeba 
produce lysozymes to degrade bacterial cell walls (Berger & Mannheim, 1970; 
Glöckner et al., 2002; Jacobs & Leippe, 1995). The putative lysozyme found in the 
database was not expressed when the amoebae were grown axenically. However, 
the lysozyme is expressed when Acanthamoeba is grown in co-culture with E. coli. 
The need of bacteria for the expression of the lysozyme indicates a role in bacterial 
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lysis. There was no significant change in lysozyme expression during encystment 
(Appendix 7).  
The lysozyme being produced by Acanthamoeba Neff strain lacks the three amino 
acid sequence VHY. This sequence was also lacking in lysozyme records for three 
different species of the genus Dictyostelium and one from Polysphondylium, 
indicating that the mutation should not inhibit the function of the protein. Dictyostelium 
and Acanthamoeba have been evolutionarily linked to macrophages (Cosson & Lima, 
2014; Siddiqui & Khan, 2012a). Bacterial lysis is essential for Acanthamoeba, 
Dictyostelium dyscoideum and macrophages. This presents more evidence to the 
possible evolutionary relation between amoebozoan organisms and macrophages. 
The heterologous expression of the proteins was not achieved even though the 
genetic sequences proved to be satisfactory. Both sequences showed mutations, 
however none of them altered the reading frame or translated a stop codon that would 
impede the translation of the protein. Logically, the production of bactericidal proteins 
in E. coli is challenging as they interfere with homeostasis of the host cell (Rosano & 
Ceccarelli, 2014). To try to produce the proteins despite this challenge, we used the 
aLICator system and strains carrying the pLysS genotype that present a tight control 
of expression and have tuneable expression systems. These options are 
recommended for the production of toxic proteins. However, none of the options used 
was successful. The use of IPTG to induce expression could be modified in future 
experiments since dose-dependent induction is not possible with IPTG as it enters 
the cell through active transport (Fernández-Castané et al., 2012). New inducers or 
tuneable promoters should be tested. The hydropathicity of both proteins shows the 
hydrophobic domains in the N-terminal characteristic of extracellular proteins 
(Baneyx, 1999). Future alternatives for production might include using yeast, insect 
cells or cell-free systems. Other options might come from the myriad of novel 
technologies that are continuously being developed. One such option is encapsulins 
that can use as nano-compartments in the production of cytotoxic molecules (Giessen 
& Silver, 2016). 
Besides Protease 33 and the lysozyme, other potential antimicrobial protein to target 
could be pore-forming proteins. Pore-forming proteins are well-known factors of 
pathogenicity in bacteria and protozoans. Such proteins are considered essential for 
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the destruction of the host tissue in parasites. Michalek et al. (2013) discovered one 
such protein from pathogenic A. healyi called acanthaporin. Acanthaporin function is 
lysis of the nutrient source on which it is feeding (Leippe, 2014). Other amoebae like 
Entamoeba hystolitica and Naegleria fowlerii have this kind of pore-forming proteins 
(Herbst et al., 2002; Leippe et al., 1991). Primers developed to amplify acanthaporin 
did not work in A. castellanii isolate used here.  
The secretion of lytic proteins mediates invasion of tissue and lysis of other 
microorganisms (Pina Vazquez 2012). Therefore the study of such proteins, whether 
proteases, lysozymes or any other, offer the opportunity to treat disease caused by 
either the organisms producing the enzyme or the organisms affected by it. The study 
of antimicrobial proteins from Acanthamoeba could help develop new therapies 
against bacteria and Acanthamoeba itself. Enzymes expressed as the amoebae 
excyst, for example, may be used to digest the cyst wall in the infected cornea. 
Understanding the pathogenic factors can help develop new alternatives.  
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Chapter 10 Conclusions 
The importance of Acanthamoeba for human health has been steadily growing over 
the last 50 years. However, there is a lack of efficient drugs to treat the infection. 
Therefore understanding the pathogenic factors and encystation can help deal with 
the pathogen. This work consisted of three main aspects. First, the isolation and 
identification of new strains of Acanthamoeba and other amoebae. Second, the 
identification of encystment factors from Acanthamoeba. Finally, the identification and 
characterisation of antimicrobial proteins produced by Acanthamoeba.  
Several strains of Acanthamoeba from different genotypes were isolated. Additionally, 
new strains of Vannella were isolated alongside new species Allovahlkampfia minuta 
and Leptomyxa valladaresi.  A higher understanding of Acanthamoeba systematics 
might clarify some aspects of the pathogenesis and the ecology of the organism. 
Furthermore, discovering new amoebae might help identify new antimicrobial factors. 
Finally, identification of new amoeba species and strains can help understand 
microbial communities, further clarifying the relationship between bacteria and 
protozoans in the environment. 
Second, understanding encystation can help decrease the number of relapses and 
increase the effectiveness of therapies against Acanthamoeba infection. The 
identification of encystation factor in this study can help deal with persistence in AK. 
Further characterisation of such encystation factors can help identify the critical 
aspects involved in differentiation. Future studies with siRNA or available drugs could 
be used to elucidate the mechanisms and pathways critical for encystment. Another 
important step towards the comprehension of encystment would be a higher 
understanding of the metabolic pathways of Acanthamoeba.   
Researching protein secretions and pathogenic factors can help decrease infection 
and their effects. It might also help deal with some bacterial infections, as it is known 
that Acanthamoeba produces proteins with antimicrobial functions. Further studies 
and characterisation of Protease 33 and Acanthamoeba lysozyme are required. 




Increase in the understanding of Acanthamoeba biology is essential to develop 
effective treatments against the different infections caused by the pathogen. Two of 
the keys towards dealing with such infections are the secreted proteins and the 
encystment factors. If we understood these aspects of Acanthamoeba biology, the 
virulence and persistence of these infections could be mitigated, and new treatments 
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Phylogenya b s t r a c t
Leptomyxa valladaresiwas isolated from soil in a pine forest on the southern flank of Mt Teide in Tenerife,
Spain. It feeds on bacteria and on a range of other amoebae, and it was possible to establish bi-axenic
cultures with L. valladaresi and Acanthamoeba. It is easily propagated on a E. coli also. 18S rDNA gene
sequence analysis suggests that it is most closely related to Leptomyxa variabilis, however this amoeba
differs in important detail. L. valladaresi is primarily mononucleate whereas L. variabilis is multinucleate.
L. valladaresi is a larger amoeba and although the cysts are similar in size, there is no sign of the pore-like
structures described in L. variabilis cysts. L. valladaresi can adopt a rapid monopodal and tubular
morphology similar to that described for L. neglecta and Rhizamoeba matisi, and is never reticulated as
larger L. variabilis individuals tend to be. The mean generation time was found to be 18 h, in line with
amoebae of this size. Like other members of the genus, L. valladaresi is reported to harbour intracellular,
presumably endosymbiotic bacteria, and a Delftia sp has been identified by 16S PCR a bacteriumwhich is
also known to grow within Acanthamoeba. The availability of this easily cultured species will help to
characterize of this little studied genus and family and their relationship with bacteria, both prey and
symbionts.
© 2017 Elsevier Inc. All rights reserved.1. Introduction
Amoeboid organisms belonging to the order Leptomyxida have
been isolated from a variety of environments including saltwater
(Page, 1983; Kühn, 1996), freshwater (Smirnov et al., 2009),
temperate soils (Brown & Smirnov, 2004), soils above the
A. De Obeso Fernandez Del Valle et al. / Experimental Parasitology 183 (2017) 85e9186permafrost (Shmakova et al., 2013), and soils from deserts
(Bamforth, 2008). Order Leptomyxida contains an unusual assort-
ment of medium to very large amoebae some attaining a length of
3 mm in some cases, making them amongst the largest amoeboid
organisms (Singh, 1948). This group display a variety of different
morphologies, not only between species but individuals within the
same species are often found to adopt very different morphologies
and to be able to switch rapidly between them. Some members
produce fan-shaped flattened trophozoites (similar to the Vannel-
lae), some that produce adhesive root-like ramose processes, and
others that produce simple tubular, limax forms which advance
rapidly, led by a hemispherical hyaline cap. As a result of this het-
erogeneity in form and habit, many genera and species have been
described and the historic state of the Leptomyxida was one of
disarray (Smirnov et al., 2008, 2009).
A recent comprehensive phylogenetic and morphological anal-
ysis of the Leptomyxida has brought clarity (Smirnov et al., 2017).
The order now been reorganised into three genera. Genus Flabellula
(uniting the genus Paraflabellula, some members of genus Rhiza-
moeba and the pre-existing genus Flabellula), genus Rhizamoeba
(presently consisting of one named species, R. saxonica, CCAP1570/
2) and genus Leptomyxa. A small number of the genus Leptomyxa
have been described (Table 2) and only two are currently available
in the main culture collections. The strain described here is easy to
culture and maintain, and its availability will hopefully help char-
acterize this interesting group.
Free living amoebae (FLA) are known to produce infection in
humans (Schuster and Visvesvara, 2004; Visvesvara et al., 2007),
one of these, Saccamoeba is within the Tubulinea (Gelman et al.,
2001; Walochnik et al., 2010. The heterolobosean, Naegleria fowl-
eri causes a usually fatal meningitis (Carter, 1970), and while the T4
genotype of Acanthamoeba is the most abundantly encountered
type it is also known to be disproportionately associated with hu-
man infection (Maciver et al., 2013), the most common of which is
Acanthamoeba keratitis (Lorenzo-Morales et al., 2015). Balamuthia
mandrillaris is a third major FLA which causes human fatalities
(Maciver, 2007). This amoeba was first described as being a Lep-
tomyxid amoebae because of its superficial resemblance to this
group (Visvesvara et al., 1990), but it is presently clear that genus
Leptomyxa and the groups immediately related to it, do not contain
pathogens. Even if FLA species are not directly pathogenic many
harbour intracellular bacteria that may be human pathogens
(Mohamed et al., 2016). It is therefore important to understand FLA
diversity and their interaction with bacteria (Walochnik et al.,
1999).
2. Methods and materials
2.1. Cell culture
Acanthamoeba (Neff strain, ATTC30010, CCAP1501/1B) was
cultured axenically in 75 ml flasks. Vermamoeba vermiformis, Van-
nella pentlandii (CCAP 1589/23) and an unidentified vahlkampfiid
amoebaewere cultured on YME plates (2% agar, 0.01% yeast extract,
0.025% malt extract) with E. coli as previously described (Maciver
et al., 2018). The yeasts Pichia pastoris and Rhodotorula mucilagi-
nosawere cultured on 1.5% agar plates with 0.01% malt extract andTable 1
Parameters of L. valladaresi cyst size and the frequency of nuclei number.
Single nucleus Double nuclei Triple nuclei
Diameter (mm) 22.42 28.91 35.62
Frequency (%) 77% 16.4% 6.6%0.01% yeast extract. E. coli (BL21 de3) was cultured on LB plates or
grown in liquid LB media.
2.2. Isolation of amoebae
A small sample of dry soil was taken from a dry gully in a large
forested area consisting predominantly of the Canary Island Pine
(Pinus canariensis) from a site known, (not very helpfully) as “Las
Lajas” meaning “the Rocks” at lat.28.1886 long. 16.6644 and at
an altitude of 2076 m on the southern flank of Mount Teide, Ten-
erife, Canary Islands, Spain. Amoebae were isolated by plating soil
in Neff's saline plates overnight and then inverting small strips onto
fresh non-nutrient agar plates layered with E. coli. After several
days Acanthamoeba was found to grow out, and a much larger
amoeba (strain LLT) was subsequently observed to grow out over
the Acanthamoeba dominated regions of the plate, until very few
Acanthamoeba could be found. Acanthamoebawere easily identified
on the plates by the characteristic appearance of the cysts. LLT was
initially cloned by excising small regions off agar plates and placed
in micro wells containing trophozoites of Acanthamoeba (Neff
strain). LLT was found to grow on a bacterium from the original
source and was routinely cultured with this bacterium or E. coli
(BL21 de3) on YME plates (see above).
For long term storage amoebae and cysts were washed in Neff's
saline and then taken up in 12% DMSO in Neff's incubated at room
temperature, then overnight at 20 C then finally placed
at 80 C. Cultures were revived by thawing out to room temper-
ature, washing with Neff's saline by low speed centrifugation, and
either fed with Acanthamoeba in Neff's saline to a culture flask, or
placed on E. coli spread YME plates. Additionally, LLT were stored at
room temperature in clay pellets as previously described (Lorenzo-
Morales and Maciver, 2006).
Light micrographs and measurements were performed on a
Leica inverted microscope with Hoffman modulation contrast mi-
croscope and a laptop controlled Canon EOS digital camera. Addi-
tional micrographs were taken using a phase contrast microscope.
Videos were recorded using “EOS camera movie record 0.3” (eos-
movrec.sf.net). For the enumeration of nuclei, amoebae were
fixed with Nissenbaum's fixative (Nissenbaum, 2001) and stained
with Kernechtrot nuclear fast red (Fluka).
2.3. Genomic DNA purification and PCR
Genomic DNAwas isolated and purified as previously described
(Lorenzo-Morales et al., 2005; Maciver et al., 2018). The eukaryotic
18S rDNA gene was amplified using several primer pairs as previ-
ously described (Corsaro and Venditti, 2010). CAT1 (50-CAT GCATGT
CTA AGT ATA AGC-30) with GSPr (50-TTC AC <G/A> GTA AAC <G/A>
ATC TGG GC-30), or 1137R (50-GTG CCC TTC CGT TCA AT-30), and
892 cF (50-GTC AGA GGT GAA ATT CTT GG-30) with Br (50-GAT CCT
TCT GCA GGT TCA C-30). Bacterial 16S rDNA genes were amplified
using universal prokaryote primers 16S Fwd 50-GTT TGA T<C/T>
<C/A> TGG CTC AG-30 and 16SRev 50-CA<T/G> AAA GGA GGT GAT
CC-30 (Horn et al., 2002). PCR conditions were 15 min at 94 C,
followed by 30 cycles of 94 C for 30 s, 55 C 30 s, 72 C 2 min, with
final extension of 72 C for 5 min, except for the 16S PCR where the
annealing temperature was increased to 58 C. The resulting PCR
products were sequenced by Edinburgh Genomics with the same
primers as were used to amplify them plus internal primers where
necessary.
2.4. Phylogenetic analysis
18S rDNA Sequences were obtained for genus Leptomyxa and
relatives from Genbank and compiled together with the sequences
Table 2












L. neglecta 70e140 Multinucleate 1 - 5 None described Unknown Freshwater lake Smirnov et al., 2009
L. australiensis 50e180 Predominantly
single
Single wall, no pores 15 -
40
Fungi & bacteria Soil Chakraborty and Pussard, 1985; Smirnov et al.,
2017
L. reticulata 500e3000 Multinucleate Double wall 35 - 60 Non-pigmented
bacteria
Freshwater river Goodey, 1914; Cann, 1984; Page 1988; Singh,
1948
L. arborea 50 ->1000 Multinucleate Double wall multinucleate Fungi yeast bacteria Soil Smirnov et al., 2017
L. variabilis 30e150 Multinucleate
1e20
Single wall with pores 15
-25
Unknown Soil Smirnov et al., 2017
L. valladaresi 70e180 Predominantly
single





Fig. 1. Amoebae were fixed with Nissenbaum's fixative and the nuclei (n) were stained
with Kernechtrot nuclear fast red. The uroidal filaments (uf) are also seen here.
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The program “BioEdit” (Hall, 1999) was used to edit sequences
where needed and to determine levels of homology between se-
quences. Maximum likelihood phylogenetic trees were obtained
using PhyML software (Guindon and Gascuel, 2003) using the GTR
model implemented with Seaview version 4. The non-parametric
analysis was performed with 100 bootstrap pseudo-replicates, us-
ing sequences from other Leptomyxids as the outgroup. Sequences
obtained in this studywere submitted to GenBank and are available
under accession number KX792145 for the 18S rDNA gene, and
MF441175 for the 16S rDNA endosymbiont sequence.
3. Results
Strain LLT was isolated by the usual “walk out”method inwhich
amoeboid organisms crawl out from the sample on a lawn of
(usually) E. coli (Neff, 1958). This encourages the isolation of small
fast growing amoebae (most often Acanthamoeba and Naegleria).
We noticed that a small number of large amoebae were feeding on
the Acanthamoeba that preceded them and were able to isolate this
amoeba by cloning. LLT was found to be reluctant to grow on agar
surfaces presumably due to the very thin layer of water on the
surface of these plates, however it was successfully isolated from
such plates when Acanthamoeba sp was present. Initially it could
not grow on E. coli when placed on E. coli spread non-nutrient agar
plates, nor did it growwhen presented with E. coli on flat bottomed
flask in Neff's saline. However, after a year of growth on accom-
panying bacteria, LLT was found to be able to grow well on E. coli
alone, with a mean generation time of 18 h. Although LLT was seen
to phagocytose yeast when they were presented, neither Pichia
pastoris nor Rhodotorula mucilaginosa alone could support the
survival of this amoeba. It did however grow rapidly when placed
with Acanthamoeba (Neff strain) in Neff's saline. A small vahl-
kampfiid amoebae, Vermamoeba vermiformis and Vannella were
seen to be phagocytosed by LLT but as they were also in the pres-
ence of E. coli it was not clear if these amoebae alone could support
the growth of LLT. LLT was also observed to phagocytose the hyphae
of an unidentified fungus, however it was not clear if fungi alone
could support the growth of LLT as this fungus overgrew cultures
causing LLT to encyst.
Phylogenetic analysis of the 18S rDNA gene revealed that LLT
groups with genus Leptomyxa (Fig. 4) and that it is most closely
related to L. variabilis. The 18S rDNA sequence and the unique
morphological features make it clear that LLT is a new species of
Leptomyxa and we have named it L. valladaresi.
Monoaxenic cultures were established with axenically grown
Acanthamoeba, by overnight treatment of LLT trophozoites and
cysts with gentamycin (10 mg/ml) and ampicillin (100 mg/ml) in
Neff's saline. These cultures were maintained at room temperature
and supplemented with fresh Acanthamoeba when required. TheLLT cysts are variable in size (Table 1, Fig. 2d) with a mean diameter
of 23 mm. Most cysts contained a single nucleus, a few had double
nuclei and fewer still contained three (Fig. 2d; Table 1). Perhaps as
expected thosewith supernumerary nuclei tended to be larger, as is
the case for other amoebae (De Jonckheere, 2006), yet not it seems
for Leptomyxa reticulata (Cann, 1984). The trophozoites were very
large as is typical for the genus (Table 2) and when locomotion was
organized and rapid, short uroidal filaments were often visible
(Fig. 1) and a tube shaped monopodal morphology adopted
(Fig. 2b).
Overall the locomotory habit was similar to that described for
other members of this order. The amoeba was variable in locomo-
tory habit, changing rapidly for example from a fast moving cy-
lindrical (limax) form with a single pseudopodium (Fig. 2b) to a
flatter broader shaped form with a leading front which expanded
on a number of different fronts often with changing dominance
(Figs. 1 and 2a). The pseudopod into which the nucleus entered
became dominant (Videos 2 and 3, see supplemental data) in a
manner similar to that reported for Balamuthia mandrillaris
(Dunnebacke, 2009). Nuclei drawn into these pseudopods were
seen to deform as they did so, taking on temporary oval or cylin-
drical shapes. Simple monopodal forms were observed to stop and
to travel in the opposite direction by the creation of a pseudopod
from the former uroid in a manner similar as that described for
other amoebae such as Vahlkampfia inornata (Page, 1967).
Supplementary video related to this article can be found at
https://doi.org/10.1016/j.exppara.2017.09.017.
Forward advance often occurs by protrusion of broad, hyaline
often hemispherical bulgeswhich erupt forward in amanner which
is normally considered to be a hallmark of the heterolobosean
Fig. 2. a) Trophozoites in multi-pseudopod locomotion b) Trophozoite in limax locomotory form with the contractile vacuole (cv) toward the rear. d) Bipolar form with two leading
pseudopods. c) Three cysts with one nucleus (left most cyst), two nuclei (middle) and three nuclei (right most cyst).
Fig. 3. Floating forms. 10 s between the three images showing the dynamic nature of the blunt pseudopods.
KT945251 Leptomyxa neglecta
AF293898 Leptomyxa reticulata ATCC50242
KT945252 Leptomyxa australiensis CCAP 1570/4
KX792145 Leptomyxa valladaresi
CCAP 1546/4
AY549564 Leptomyxa variabilis RP010






KT945253 Leptomyxa arborea LA2
KT945254 Leptomyxa arborea 23
100
100 0.005
Fig. 4. Phylogenetic analysis 18S rDNA. PhyML ln(L) ¼ -3625.7 1855 sites GTR 100 replication. 4 rate classes. Tree rooted using a number of related Flabelulla and Rhizamoeba as the
outgroup.
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Fig. 5. a). The growth of L. valladaresi on E. coli. b). The mean generation time (GMT) of
L. valladaresi compared to other amoebae (see main text) as a function of their length.
A very simple relationship: GMT (hours) ¼ Length (mm)/10, is apparent.
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and the class heterolobosea has of course been noted by others
(Page, 1988) and it is suggested that some current amoebae pres-
ently labelled as Rhizamoeba, (such as R. schnepfii) may actually be
heteroloboseans (Smirnov et al., 2009). Another shared feature is
that the liquid hyaline ectoplasm tends to run down the side of the
gelled endoplasmic cortex under the plasma membrane and then
“setting”, or becoming gelated. This has the appearance of candle
wax spilling down the candle shaft and suddenly solidifying as it
cools.
There was no particular floating form as described for R. matisi
(Smirnov et al., 2017), instead amoebae kept in suspension for 2 h
adopted a similar shape as they did will crawling but with blunt
projections branching off the main body at all angles and in con-
stant motion (Fig. 3). These quickly resumed locomotion as they
settled on the vessel floor.
4. Discussion
In common with many groups of protozoans a congruence is
sought between morphological features and specific sequence data
in the genus Leptomyxa (Dykova et al., 2008; Smirnov et al., 2017).
The genus Leptomyxa as it presently stands is composed of six
named species and these are all terrestrial (soil/freshwater) mem-
bers. The existence of further members is indicated by sequences
from environmental samples (Smirnov et al., 2017). Despite the
observed similarity in locomotory morphology between Rhiza-
moeba/Leptomyxa and the Heteroloboseans, this genus is classified
(Amaral Zettler et al., 2000; Tekle et al., 2008) as belonging to the
family Leptomyxidae part of the Tubulinea clade within the super
group ‘Amoebozoa’ together with well-known genera such as
Amoeba and Acanthamoeba. The fact that the core Rhizamoeba
strains group so closely with Leptomyxa reticulata is a puzzle since
these organisms appear to be so very different at the light micro-
scope level and in ultrastructure (Cann, 1984). As its name suggests
L. reticulata is a reticulate amoeba often with hundreds of nuclei
scattered throughout its many anastomosing pseudopodia (Cann,
1984; Page, 1988). Doubt has been expressed (Smirnov et al.,
2009) if strain ATCC 50242 (Amaral Zettler et al., 2000) was
correctly assigned to the species Leptomyxa reticulata since it is so
dissimilar to other Leptomyxids. However, more recently, other
species which have anastomosing reticulopodia have been isolated
and 18S rDNA gene sequences analysis agrees that L. reticulata
groups together with L. arborea (Smirnov et al., 2017).
An analysis of the available 18S sequences revealed that the
L. valladaresi 18S gene is most similar to L. variabilis (Smirnov et al.,
2017) which differs in only 2 nucleotides from the “Ripidomyxa” 18S
gene. However, the situation is complex as the sequence deposited
in Genbank (AY549563, AY549564) is not actually the isolate
named as “Ripidomyxa australiensis” (Chakraborty and Pussard,
1985), although they seem to share very similar morphology
(Hewett, 2006). Additionally, the Rhizamoeba australiensis available
as CCAP 1570/4 is also a different isolate to either Australian isolate
and in fact originated in roof gutter sediment in Melsbach, Ger-
many. Rhizamoeba australiensis CCAP 1570/4 is now reclassified as
Leptomyxa australiensis (Smirnov et al., 2017).
The generation time of 18 h compares with the 46e83-h gen-
eration of Amoeba proteus (Rogerson, 1980). 4 h for Dictyostelium
(Fey et al., 2007) and for Naegleria (Chang, 1958), 6 h for Acantha-
moeba (Jensen et al., 1970) Mayorella (90e160 mm in length) with
generation times 41.6h (Laybourn-Parry et al., 1987). We found that
there was a simple relationship between the length of an amoebal
species and its generation time (Fig. 5). Such a relationship is to be
expected as larger amoeba need to attain more mass than smaller
amoebae in order to divide, and a similar relationship (generationtime ¼ 0.311 Log 10 cell volume (mm3) þ 0.0445) has been reported
(Baldock et al., 1980). The nuclei of L. valladaresi are large but
usually single. Most other members of the genus have more than
one nucleus presumably to produce the RNA required for cell
growth and maintenance. The other function of the nucleus is to
store the genome but there is no a priori reason the genome of
L. valladaresi should be larger than a smaller amoeba such as
Acanthamoeba which has a similarly unambitious life style. The
(usually) single nucleus of Amoeba dubia has around 20,000
genome copies (Friz, 1968), and so is highly polyploid. Most
amoebae reproduce asexually (Lahr et al., 2011), but asexual
reproduction risks the accumulation of mutations by a process
named “Muller's ratchet” (Muller, 1964). It has been argued that
amoebae are polyploid and that together with recombination this
prevents the operation of Muller's ratchet (Maciver, 2016). There is
no evidence for sexual reproduction in L. valladaresi (or any species
in this genus) and so it is likely that the large nucleus of this amoeba
is polyploid to permit persistent asexual reproduction.
Leptomyxid amoebae have proven difficult to isolate and to
maintain in culture (Smirnov et al., 2009). L. valladaresi thrives on
Acanthamoeba as a food source and this di-axenic system is
convenient to propagate this amoeba. However, it also grows very
well on E. coli. The feeding habits of L. valladaresi are typical of
amoebae of this size and it is not surprising that Acanthamoeba,
Vermamoeba and other small amoebae serve as food. Rhizamoeba
are reported to engulf protists (Rodriguez Zaragoza et al., 2005) and
Rhizamoeba matisi is also known to consume Vermamoeba vermi-
formis (Smirnov et al., 2017). The original “Ripidomyxa australiensis”
strain was also able to grow in the presence of a single bacterium
(Chakraborty and Pussard, 1985), but this strain has been lost.
A. De Obeso Fernandez Del Valle et al. / Experimental Parasitology 183 (2017) 85e9190The observation that all cultures of L. valladaresi produce a
geosmin-like smell independent of the food organisms present is
similar to the case of the “Ripidomyxa” isolate (Robinson et al.,
1995). The origin of geosmin was attributed to a symbiotic bacte-
rium (Robinson et al., 1995; Hewett, 2006). 16S sequences from
presumed endosymbiont bacteria from this strain (AY549554 and
AY549555) had no matches in 2006 (Hewett, 2006), nor do they to
date (July 2017). PCR using universal prokaryote16S primers
revealed that Delftia or a related bacterium was present within
Leptomyxa valladaresi. Delftia (a.k.a. Comamonas) is also known to
infect Acanthamoeba (Walochnik et al., 1999). The production of
geosmin by amoebae in culture has been reported in Vannella
(Hayes et al., 1991). The significance of the production of geosmin is
uncertain but volatile organic compounds affect amoeba prey se-
lection (Schulz-Bohm et al., 2017), and it is possible that it has an
anti-predator role (H€ockelmann et al., 2009).
4.1. Diagnosis
Leptomyxa valladaresi n. sp. The amoeba adopts two main
locomotory morphologies. It is transiently limax with a long, sim-
ple, tubular shape where the length is 70e180 mm; breadth
20e60 mm only occasionally does this form have an adhesive
uroidal filaments or villous bulbous uroid. In limax locomotion the
frontal hyaline cap occupies up to 1/5 of the total length of loco-
motive cell. The more usual locomotory habit is a flattened multi
pseudopodal form and this form may have adhesive uroidal fila-
ments and/or villous bulbous uroid but these are not as prominent
a feature compared to reports for other leptomyxids. The amoeba is
predominantly uninucleate but larger individuals may (rarely) have
as many as 4 nuclei in old cultures. Nuclei are spherical 9 mm in
diameter (range 6e11 mm). but can become oval shaped as they a
compressed within a thinner part of the cell. The cyst (19e28 mm in
diameter) is again usually uninucleate and is apparently single
walled by light microscopy. The cysts can be stored cryogenically in
the usual manner. There are no pores visible in the wall by light
microscopy.
4.2. The type location
A dry gully in a large forested area consisting of the Canary Is-
land Pine (Pinus canariensis) from a site known as “Las Lajas” (the
rocks) on the southern flank of Mount Teide, Tenerife, Canary
Islands, Spain. Site coordinates are lat.28.1886 long. 16.6644
altitude 2076 m above mean sea level. A fixed slide has been
deposited with the Museum of Natural History, London (registra-
tion number NMHUK, 2016.9.16.1).
5. Differential diagnosis
Resembles L. variabilis in size and morphology, but L. variabilis is
multicellular whereas L. valladaresi is predominantly mono-
nucleate. It also resembles L. australiensis in size and organization of
the locomotive form, and in the general size of the cyst
(L. valladaresi being slightly smaller). In common with most Lep-
tomyxid amoebae (Smirnov et al., 2017), a firm identification of
L. valladaresi is only possible by sequencing the 18S gene.
6. Type material
The live strain is held at the Culture Collection of Algae and
Protozoa at Oban, Argyle, Scotland, with the accession code CCAP
1546/4. 18S rDNA gene sequences obtained from the type strain
were deposited with GenBank accession number KX792145.7. Etymology
The species name valladaresi is to honour Professor Basilio
Valladares on the occasion of his retirement after many years of
dedicated service to the advancement of parasitology.
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Allovahlkampfia minuta nov. sp., (Acrasidae, Heterolobosea, Excavata) 
a New Soil Amoeba at the Boundary of the Acrasid Cellular Slime Moulds
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Abstract. We report the isolation of a new species of Allovahlkampfia, a small cyst-forming heterolobosean soil amoeba. Phylogenetic 
analysis of the 18S rDNA and the internal transcribed spacers indicates that Allovahlkampfia is more closely related to the acrasids than to 
other heterolobosean groups and indicates that the new strain (GF1) groups with Allovahlkampfia tibetiensis and A. nederlandiensis despite 
being significantly smaller than these and any other described Allovahlkampfia species. GF1 forms aggregated cyst masses similar to the 
early stages of Acrasis sorocarp development, in agreement with the view that it shares ancestry with the acrasids. Time-lapse video mi-
croscopy reveals that trophozoites are attracted to individuals that have already begun to encyst or that have formed cysts. Although some 
members of the genus are known to be pathogenic the strain GF1 does not grow above 28oC nor at elevated osmotic conditions, indicating 
that it is unlikely to be a pathogen. 
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INTRODUCTION
The class heterolobosea was first created on mor-
phological grounds to unite the schizopyrenid amoe-
bae/amoeboflagellates with the acrasid slime moulds 
(Page and Blanton 1985), and subsequent molecular 
genetic data supported this union (Roger et al. 1996; 
Keeling and Doolittle 1996). The locomotory habit of 
these amoebae is to tend to produce an eruptive pseu-
dopod, often alternatively from one side and then the 
other, of the advancing front. The heterolobosea are not 
directly related to other amoebae such as those within 
the Amoebozoa, despite being similar in appearance 
and habit. The heterolobosean acrasid slime moulds 
are very similar to the amoebozoan slime moulds too 
in life cycle, but these remarkable similarities in ap-
pearance and function are most probably due to parallel 
evolution. 
It is not usually possible to classify the trophozo-
ites of this group morphologically since they share very 
similar habits and appearances but many heterolobose-
an amoebae are also capable of transforming into flagel-
lates, these are so called amoeboflagellates. In addition, 
some heterolobosean groups are comprised of flagel-
lates only (e.g. Percolomonas and Stephanopogon) 
having apparently lost the ability to adopt the ancestral 
amoeboid habit. Heterolobosean amoebae which do not 
form flagellates were traditionally placed in the genus 
Vahlkampfia (Page 1976) but it has since been shown 
that this group is not monophyletic and other genera 
such as Paravahlkampfia and Neovahlkampfia were 
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formed (Brown and De Jonckheere 1999), to join other 
non-flagellate genera raised on morphological grounds. 
Further analysis of 18S RNA genes has allowed many 
other organisms to be included with the Heterolobo-
sea and it is increasingly clear that it is an order with 
huge diversity (Pánek and Čepička 2016; Pánek et al. 
2017). In 2009 it was necessary to raise a further genus, 
named Allovahlkampfia to place a new heterolobosean 
that did not fit elsewhere (Walochnik and Mulec 2009). 
A number of other isolates have now been added and 
as the genus Allovahlkampfia is presently configured, 
does not contain flagellates or amoeboflagellates but all 
members so far characterised, produce cysts without 
opercula. Members of Allovahlkampfia vary signifi-
cantly in SSU rRNA sequence, with inserts present in 
some (Geisen et al. 2015). They are variable in size but 
the strain described in the present study which we name 
Allovahlkampfia minuta, is the smallest.
One heterolobosean amoeboflagellate, Naegleria 
fowleri is dangerously pathogenic for humans (Carter 
1970; Siddiqui et al. 2016). Additionally, Allovahl-
kampfia spelaea is reported to infect the human eye 
(Huseein et al. 2016; Tolba et al. 2016) and to host bac-
teria known to be human pathogens (Mohamed et al. 
2016) making this genus particularly worthy of study. 
METHODS AND MATERIALS
Soil samples were collected from the Glenfinnan viaduct at the 
north end of Loch Shiel, Scotland, UK. Small quantities were settled 
on non-nutrient agar overlain with Neff’s saline overnight. Strips of 
this were then inverted onto non-nutrient agar plates spread with 
E. coli (BL21) and monitored over a week for amoebal out growth. 
Small blocks were cut from the leading outgrowth onto fresh agar 
plates spread with E. coli until clones of strain GF1 were estab-
lished. Large quantities of cloned GF1 amoebae were cultured on 
2% agar YME plates containing 0.01% yeast extract and 0.025% 
malt extract overlain with Neff’s saline at room temperature with 
E. coli as food organisms. For long term storage, the amoebae and 
cysts used in this study were taken up in Neff’s saline with 10% 
DMSO and placed overnight in a freezer at –20oC, then transferred 
to –80oC freezer. Amoebae were also stored long term in clay pel-
lets as previously described (Lorenzo-Morales and Maciver 2006). 
To test tolerance to osmotic stress, amoebae were seeded on 
E. coli spread non-nutrient agar plates supplemented with 0.5 M, 
1 M and 1.5 M mannitol as previously described (Khan et al. 2001). 
Temperature tolerance was also tested by seeding amoebae on 
E. coli spread non-nutrient agar plates incubated at various tem-
perature and monitored for growth over a ten day period.
We investigated the ability of A. minuta to develop a flagellate 
stage with a variety of stimuli included the addition of distilled wa-
ter, rapid changes in pH, CO2 and O2 levels in addition to physical 
agitation (Perkins and Jahn 1970). 
DNA was isolated from GF1 as previously described (Lorenzo- 
-Morales et al. 2005). Amoebae were lysed in buffer and treated 
with proteinase K at 60oC for 2 hours followed by phenol-chloro-
form extraction. DNA was then concentrated by precipitation with 
isopropanol. The resulting DNA was quantified using a “nanodrop” 
spectrophotometer (ThermoFisher). An aliquot of 100 ng of genom-
ic DNA was used per PCR reaction, using GoTaq Green Master Mix 
polymerase (Promega). 
Sequences were obtained from GenBank and other sources and 
compiled together with the new sequences from this study using 
“Seaview”, version 4 (Gouy et al. 2010). “BioEdit” (Hall 1999) was 
used to trim sequences and to determine levels of homology between 
sequences. Sequences were aligned using seaview 4 which was also 
used to implement the PhyML algorithm to produce Maximum like-
lihood phylogenetic trees (Guindon and Gascuel 2003) using the 
GTR model. The non-parametric analysis was performed with 100 
bootstrap pseudo-replicates, using representative sequences from 
other heterolobozoans (Naegleria, Tetramitus and Vahlkampfia) as 
the outgroup. Binomial names of the strains described previously 
(Geisen et al. 2015) were obtained from the CCAP website (https://
www.ccap.ac.uk).
RESULTS
The locomotive form is noticeably smaller than that 
of previously described members of this genus (Ta-
ble 1). It is often wider than it is long although this is 
usually temporary. Pseudopods are produced eruptively 
from the anterior in a manner typical of the heterolobo-
sean amoebae (Fig. 1). The trophozoites can also adopt 
a flabellate-like morphology. In culture GF1 trophozo-
ites and cysts were observed to collect at the water air 
boundary and migrated on the meniscus. Strain GF1 
was found to produce aggregates of cysts on agar plates 
(Fig. 2). Time-lapse video microscopy (see supplemen-
tary data and Fig. 3) reveals that the aggregated nature 
of the cyst distribution results from trophozoites active-
ly migrating toward preformed cysts and not as a result 
of cyst aggregating by a passive mechanism after for-
mation. GF1 was found to grow at 4oC and slowly at 
28oC but at 30oC it encysts. The optimal temperature 
for growth was 24oC. GF1 could not grow on plate sup-
plemented with 0.5 M mannitol or above.
Phylogenetic analysis tentatively suggests that ge-
nus Allovahlkampfia is comprised of eight or nine 
groups, probably representing as many natural species. 
More data from more genes and isolates are required 
to clarify this of course. No flagellated cells have been 
found in culture despite the application of a range of 
previously reported flagellate inducing stimuli. Strain 
GF1 is closely related to two previously reported spe-
cies (A. nederlandiensis and A. tibetiensis) (Fig. 4A) 
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Fig. 1. Trophozoites of Allovahlkampfia minuta showing typical morphology with eruptive pseudopods. Nucleus (N) has a central nucleolus 
and the contractile vacuole (CV) is typically positioned at the rear of the amoeba. The scale bar is 20 µm. Food organisms, E. coli are visible 
in the background.
Fig. 2. Trophozoites gather and encyst on non-nutrient agar plate 
surface as the E. coli food organisms become depleted and as the 
conditions become less moist. 
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Fig. 3. Cooperative cyst formation. Trophozoites were placed on an agar plate with a monolayer of E. coli. Encystment took place when 
the plate became dry and the food source locally exhausted. Trophozoites aggregated around the first to encyst, forming a slightly raised 
mound of cysts. Left panel – This image is the first frame of a video (see supplementary data) taken to follow cyst aggregate formation. 
Right panel – This is the last image of the same video where black arrowheads point to cysts that have been produced during the time that 
the video was shot.
and these are very similar in appearance also, especially 
regarding the tendency to adopt a temporary flabellate 
locomotory habit. However, these other members of 
this group are significantly larger (Geisen et al. 2015) 
(Table 1).
DISCUSSION
The most notable feature of A. minuta is its small 
size but similarly sized heterolobosean amoebae have 
been described. For example, Neovahlkampfia nana is 
12 µm in length (Tyml et al. 2017). Compared to other 
heteroloboseans including the genus Allovahkmapfia, 
the locomotion of A. minuta seems chaotic and inef-
ficient with frequent direction changes and the produc-
tion of seemingly immediately redundant pseudopods. 
A. minuta was observed to adopt a temporal flabellate 
morphology as is the case for other heteroloboseans for 
example Heteramoeba clara (Droop 1962) and Vahl-
kampfia signyensis (Garstecki et al. 2005). The habit of 
the cysts and trophozoites of A. minuta to collect at the 
meniscus has been reported to be the case with other 
free-living amoebae (Preston 2003).
The genus Allovahlkampfia is genetically diverse 
but morphologically uniform and represented so far 
only by freshwater and soil species. It is not possible 
to distinguish Allovahlkampfia from several other het-







LC106122 Allovahlkampfia sp. F11
GU569163  Allovahlkampfia palustris
DQ388519 Allovahlkampfia sp. BA
JQ271669 Allovahlkampfia sp. PKD 2011a
KF547917 Tib32 Allovahlkampfia tibetiensis CCAP 2502/4
KF547916 Nl64 Allovahkkampfia nederlandiensis CCAP 2502/3
MF680037 Allovahlkampfia minuta GF1 CCAP 2502/7
0.98    
JQ271668 Allovahlkampfia sp. PKD 2011a
1.00
KF547914  Sar9 Allovahlkampfia sardiniensis CCAP 2502/1 
0.74    
0.91    
DQ388520  Allovahlkampfia sp. OSA
KF547918 Tib50 Allovahlkampfia paratibetiensis CCAP 2502/5
1.00
1.00    
EU696948  Allovahlkampfia spelaea SK1
0.54    
0.86
0.82    
KF547919 Tib191 Allovahlkampfia neoatibetiensis CCAP 2502/6
KF547915 Sar37 Allovahlkampfia parasardiniensis CCAP 2502/2
EU266548 Allovahlkampfia sp. strain SO/1P (partial seq)
JQ271670  Allovahlkampfia PKD 2011b 0.99    
0.83    
0.55    








0.63    
0.95    
0.96    




Fig. 4. A. A PhyML phylogenetic tree (GTR model) of members of some heteroloboseans of the genus Allovahlkampfia and Acrasis based 
on 18S rDNA gene. Branch support values at each node indicated as percentages. The GenBank accession code of each sequence is fol-
lowed by the species names, then strain name (where available). The tree has been rooted using a number of other heterolobosean genera 
(Tetramitus, Naegleria and Vahlkampfia) as the outgroup. Scale bar represents evolutionary distance. Binomials names for some strains 
(CCAP 2502/1 to 2502/6) were from the culture collection website (https://www.ccap.ac.uk) as they were not given in the original paper 
(Geisen et al. 2015). The subject of the present study is highlighted in bold. B. A PhyML phylogenetic tree (GTR model) of members of 
some heteroloboseans of the genus Allovahlkampfia and Acrasis based on the fragment coding the internal transcribed spacer 1, 5.8S ribo-






KF547907 Sar9 Allovahlkampfia sardiniensis CCAP 2502/1
JQ271643
KF547910 Tib32 Allovahlkampfia tibetiensis CCAP 2502/4
KF547909 NL64 Allovahkkampfia nederlandiensis CCAP 2502/3
JQ271644






LC106131 Allovahlkampfia F11 
KF547911 Allovahlkampfia paratibetiensis CCAP 2502/5
EU696949 Allovahlkampfia spelaea SK142
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PhyML ln(L)=-3376.7 1059 sites GTR 100 replic. 4 rate classes 0.02
A
B
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erolobosean genera based on appearance alone (Geisen 
et al. 2015), even at the level of electron microscopy 
(González-Robles et al. 2012). The cysts of all present-
ly named species of the genus Allovahlkampfia, includ-
ing A. minuta described here, lack opercula (Anderson 
et al. 2011; Walochnik and Mulec 2009; Geisen et al. 
2015). This is a feature shared by Acrasis rosea (Hohl 
and Hamamoto 1969). It is the small size of A. minuta 
that distinguishes it from others in the genus. None of 
the previously characterised members of the genus is 
close in size to the trophozoites or the cysts.
Since reports of morphological similarities between 
vahlkampfids and acrasids were published (Page 1978; 
Page and Blanton 1985), several authors have report-
ed a close genetic affinity also (Keeling and Doolittle 
1996; Roger et al. 1996). Comparing ribosomal genes 
allowed Allovahlkampfia and Acrasis to be placed in 
clade “Acrasidia” within the Tetramitia (De Jonckheere 
et al. 2011; Harding et al. 2013; Geisen et al. 2015; 
Pánek et al. 2017). In this connection, the Allovahl-
kampfid strain AND12 (Lara et al. 2007) is especially 
interesting as it is currently the most closely known 
relative of the genus Acrasis. However, it was only 
partially characterized and because it was observed in 
liquid culture, its ability to develop fruiting bodies is 
untested (Lara et al. 2007). Unfortunately, this strain is 
no longer available in culture (Ekelund, Pers. Comm), 
but amoebae at the boundary between Allovahlkampfia 
and Acrasis may reveal details on the development of 
sporogenesis.
The aggregation of A. minuta trophozoites during 
encystment, produces images very similar to those seen 
in the acrasids especially the morphologically simple 
Acrasis helenhemmesae (see figures 14–16 in Brown 
et al. 2010). This tendency to aggregate may be shared 
with others of the genus as A. palustris and A. spelaea 
cysts are also reported to occur in clumps, although no 
further information about this was given (Anderson et 
al. 2011; Tolba et al. 2016). The significance of this ag-
gregation is not yet clear but we have found time lapse 
video evidence (see supplementary data) for chemo-
taxis towards the encysting centre. There may be in-
creased survival of aggregated cysts, or the aggregation 
may, like is this case in the acrasids be a prelude to the 
production of Allovahlkampfid fruiting bodies that may 
form under as-yet unknown circumstances. In this re-
gard, it is interesting to note that a simple linear fruit-
ing body has been observed in Allovahlkampfia strain 
BA (Brown et al. 2012), however this was observed 
on only one occasion. Other hints that Allovahlkamp-
fia can produce multicellular aggregates such as fruit-
ing exist. The isolate, Allovahlkampfia strain OSA, has 
been described as “an orange stalk-like fungal growth 
habit” (Shutt 2006) and while this description is a little 
vague, it is compatible with it having a multi-cellular 
or at least aggregative stage. Confusingly however, 
neither BA nor OSA formed fruiting bodies according 
to the worker who isolated them (Schutt 2006). Strains 
BA and OSA were assigned to A. spelaea (Brown et al. 
2012) but this suggestion has not been adopted by later 
workers (Geisen et al. 2015) and is not supported by 
our 18S rDNA analysis. The aggregation that we ob-
served with encysting A. minuta amoeba is superficially 
similar to the aggregation during the encystment of the 
amoebozoan, Vannella pentlandii (Maciver et al. 2017). 
Also, the closely related Vannella fimicola produces an 
actual fruiting body (Olive, 1962). The ability to fruit 
has evolved apparently independently, in other amoe-
bozoan groups, including Luapeleamoeba hula within 
family Acanthamoebidae (Shadwick et al. 2016), and 
surprisingly, including the genus Acanthamoeba itself 






Cyst diameter µm  
Average &/or range
Reference
A. palustris 31 (14–43) 6.3 (4–12) 8–10 Anderson et al. 2011 
A. spelaea 20–40 n/a 16–25 Walochnik and Mulec, 2009
AND12 20–30 n/a n/a Lara et al. 2007
A. tibetiensis 25.2 (21.2–31.2) 6.6 (5.6–9.2) 6.6 (5.0–8.2) Geisen et al. 2015
A. nederlandiensis 33.2 (21.8–50.8) 5.8 (3.6–8.6) 6.2 (5.0–7.8) Geisen et al. 2015
F11 35.8 11.4 11.5 Tyml et al. 2016
A. minuta 13.4 (9.5–16.7) 8.1 (4.6–15.6) 6.5 (4.7–8.9) This study
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are also known to produce fruiting bodies (Kang et al. 
2017). There is little evidence of sexual recombination 
in the acrasids (Brown et al. 2012), but it is likely that 
the purpose of these fruiting bodies in the acrasids may 
be a dispersive strategy carrying the spores off the sub-
strate to be carried by air currents, or passing birds and 
insects.
Many genera of free living amoeba contain spe-
cies pathogenic to humans and while most of these in-
cluding Acanthamoeba, Balamuthia and Sappinia are 
members of the amoebozoa some are heteroloboseans. 
Acanthamoeba is notorious for causing Acanthamoeba 
keratitis (Lorenzo-Morales et al. 2015), a sight threat-
ening and extremely painful infection of the eye but 
there are reported cases of a similar keratitis associated 
with the presence of amoebae tentatively identified as 
being Vahlkampfia but in the presence of other organ-
isms (Aitken et al.1996; Alexandrakis et al. 1998; Niy-
yati et al. 2010; González-Robles et al. 2012). These 
reports, while not concluding a directly causal link, do 
reveal that that heteroloboseans can survive on the hu-
man eye. Stronger evidence suggests that an amoeba 
SO/1P now known to belong in genus Allovahlkamp-
fia (Fig. 2), cause keratitis in humans with herpes virus 
(Ozkoc et al. 2008) and that this same strain produced 
a similar infection in rat models (Huseein et al. 2016) 
(presumably in the absence of herpes virus since it 
was not mentioned). A second case where an amoeba 
closely related to Allovahlkampfia spelaea was reported 
to cause keratitis has also been reported (Tolba et al. 
2016) and this strain also caused keratitis in a rabbit 
model. Whereas 93% of Acanthamoeba keratitis cas-
es are associated with contact lens use (Radford et al. 
1998), the few cases reported for heterolobosean amoe-
bae have been dominated by trauma to the eye surface 
(Alexandrakis et al. 1998; Ozkoc et al. 2008; Tolba et 
al. 2016). It is firmly established that another heterolo-
bosean, Naegleria fowleri causes the usually fatal brain 
infection primary amoebic meningoencephalitis in hu-
mans (Siddiqui et al. 2016). The finding that A. minuta 
does not grow above 28oC, and its failure to cope with 
elevated osmolarity, would seem to rule it out as a po-
tential human eye pathogen where the temperature var-
ies between 32 and 36oC (Purslow et al. 2005).
Allovahlkampfia minuta n. sp.
Description. The locomotive morphology of this 
species is typical for small heterolobosean amoebae. 
Amoeba length 13.4 µm (range 9.5–16.7) and width 
8.1 µm (range 4.6–15.6). Length:breadth ratio is 1.65. 
A well-developed uroid is not often visible but trailing 
uroidal filaments are occasionally observed on glass and 
tissue culture plastic. The spherical nucleus is variable 
in diameter but it ranges between 1.5–2.5 µm. There 
is a central nucleolus. A contractile vacuole is usually 
visible in trophozoites in Neff’s saline or distilled wa-
ter. This is usually located at the rear of the amoeba, 
often within the bulbous uroid, if it is present. Growth 
on E. coli is observed between 4 and 28oC, with an opti-
mum at 24oC. The pelleted trophozoites have a distinct 
pink/orange colour.
Cysts. Spheroidal diameter 6.5 µm (range 4.7–8.9) 
with a single cell wall and lacking pores. The mononu-
clear cysts are usually formed in aggregates. 
Etymology. This isolate is significantly smaller than 
any other described Allovahlkampfia species, hence the 
name ‘‘minuta’’.
Type locality. Bank of Loch Shiel (freshwater) near 
the Glennfinnan monument (latitude 56.8687; longi-
tude – 5.4378), Scotland, UK. The elevation is 4 m.
Habitat. Alluvial soil.
Type material. A culture of A. minuta has been depos-
ited with the Culture Collection of Algae and Protists, 
accession number CCAP 2502/7, and gene sequences 
deposited with GenBank, MF680037 and MF677901 for 
the 18S rRNA gene and the ITS region respectively.
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Appendix 2. Primers 










1137 Mid primer Reverse  
ATTGACGGAAGGGCAC 


































Appendix 3. Sequences obtained from isolated 
strains 
 




































































































































































































































































































































































































































































































































































































































































Appendix 4. Differential expression analysis R 
Studio Script (modified from Edinburgh 
Genomics RNAseq Workshop) 
 
#Open libraries(dplyr) (ggplot2) (rtracklayer) (readr) (BiocInstaller) (Rsubread) 




data_dir <- '53BAM' 
geninfo <- '53Xdata2.tsv' 
 
targets <- read.delim(file.path(geninfo), stringsAsFactors = FALSE) 
targets$Id <- make.unique(targets$Name) 
rownames(targets) <- targets$Id 
 
bam_dir <- file.path(data_dir) 






cat(readLines(gtf_file, n = 10), sep="\n") 
 
gtf_content <- import(gtf_file, feature.type = 'gene') 
gtf_content 
 
annotation <- data.frame(elementMetadata(gtf_content), stringsAsFactors = FALSE) 
rownames(annotation) <- annotation$gene_id 
 
count_results <- featureCounts(files = bam_files, annot.ext = gtf_file, 
isGTFAnnotationFile = TRUE, GTF.featureType = 'exon', GTF.attrType = 'gene_id', 
strandSpecific = 2, isPairedEnd = FALSE, nthreads = 1) 
 
colnames(count_results$counts) <- sub('.*(53.*)\\.bam', '\\1', 
colnames(count_results$counts)) 
colnames(count_results$stat)[-1] <- sub('.*(53.*)\\.bam', '\\1', 
colnames(count_results$stat)[-1]) 
 







#This is not necessary but helps visualize 
stats <- data.frame(count_results$stat[, -1], row.names = count_results$stat[, 1]) 
stats <- stats[apply(stats, 1, function(x) any(x > 0)),] 
 
 192 
stats <- reshape2::melt(t(stats)) 
stats$name <- targets[stats$Var1, 'Name'] 
 
ggplot(stats, aes(x = Var1, y = value, fill = Var2)) + 
  geom_bar(stat = "identity", position = 'fill') + theme_bw() + theme(axis.text.x = 
element_text(angle = 90), legend.title = element_blank()) + xlab("Sample") + 
ylab(NULL) 
 
raw_counts <- raw_counts[rownames(annotation), rownames(targets)] 
 
dgList <- DGEList( 
  counts = raw_counts, 
  group = targets$Hour, 
  genes = annotation) 
dgList 
 








#Explore the data 
 
plotMDS( 
  dgList, 
  gene.selection ='pairwise', 
  col = as.integer(dgList$samples$group), 
  labels = dgList$samples$group 
  ) 
 
#Filter the data 
 
dgList <- dgList[rowSums(cpm(dgList)>=0.1) >= 10 , , 
       keep.lib.sizes=FALSE] 




#Explore the data 
 
plotMDS( 
  dgList, 
  gene.selection ='pairwise', 
  col = as.integer(dgList$samples$group), 
  labels = dgList$samples$group 
) 
 
#Plotting a function 
plot_gene <- function(gene_id, inputDgList){ 
  expr <- cpm(inputDgList) 
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  plot_data <- cbind(inputDgList$samples, expression = expr[gene_id,]) 
  plot_data <- plot_data[order(plot_data$group),] 
  plot_data$sample <- factor(rownames(plot_data), levels = rownames(plot_data)) 
  p <- ggplot(plot_data, aes(x= Name, y= expression, fill= group)) + geom_bar(stat = 
"identity") + 
    theme_bw() + 
    theme(axis.text.x = element_text(angle = 90, hjust = 1)) + 
    ggtitle(paste(gene_id, annotation$gene_name[match(gene_id, 
annotation$gene_id)], sep=": ")) 
  print(p) 
} 
 
plot_gene('ACA1_075240', dgList)   
 
#Buidling a design matrix 




dgGlm <- estimateDisp(dgList, design, robust = TRUE) 
plotBCV(dgGlm) 
 
fit <- glmQLFit(dgGlm, design, robust = TRUE) 
plotQLDisp(fit) 
 
#Test for DE genes 
contrasts <- data.frame(variable='group', group1='0', group2='24', group3='48', 
group4='72', stringsAsFactors = FALSE) 
contrasts 
 




 make.names(contrast[5])), sep="-")) 
contrast_names   
 
contrast.matrix <- makeContrasts(contrasts = contrast_names, levels = design) 
contrast.matrix 
 
de <- glmQLFTest(fit, contrast = contrast.matrix[,1]) 
 
top_genes <- topTags(de, n=50) 
top_genes 
 




plot_heatmap <- function(plot_genes, title= '', inputDgList){ 
  annotation_col <- inputDgList$samples[with(inputDgList$samples, order(group, 
Name)), c('Name', 'group')] 
  plot_genes <- plot_genes[plot_genes %in% rownames(inputDgList)] 
 
 194 
  expression <- cpm(inputDgList)[plot_genes, rownames(annotation_col)] 
  plotmatrix <- log2(expression + 0.1) 
  rownames(plotmatrix) <- annotation[rownames(plotmatrix), 'gene_id'] 
  grid::grid.newpage() 
  pheatmap( 
    plotmatrix, 
    show_rownames = T, 
    annotation_col = annotation_col, 
    border_color = NA, 
    legend = FALSE, 
    cluster_cols = FALSE, 
    cluster_rows = TRUE, 
    scale = 'row', 
    color = colorRampPalette(rev(RColorBrewer::brewer.pal(n = 7, name = 
"RdYlBu")))(100), 
    main = title 
  ) 
} 
 
plot_heatmap(rownames(top_genes), inputDgList =  dgList) 
 
#Extracting results 
results <- topTags(de , n=nrow(dgList), sort.by = 'none')$table 
results <- results[rownames(dgList),] 
 
write.csv(results, file = 'Differential_results_53.csv') 
 
#Filtering significant genes 
fdr_treshold <- 0.05 
fc_treshold <- 2 
 
diffexp_genes <- rownames(results)[abs(results$logFC) >= log2(fc_treshold) & 
results$FDR <= fdr_treshold ] 
 
print(paste(length(diffexp_genes), 'genes are differentially expressed at fold change 




volcano_plot <- function(results_table, fc_treshold, fdr_treshold, 
                         log=FALSE){ 
  results_table$significant <- 'no' 
  results_table$significant[ abs(results_table$logFC) >= 
                               log2(fc_treshold) & results_table$FDR <= fdr_treshold ] <- 'yes' 
  if(! log){ 
    results_table$logFC <- sign(results_table$logFC)* 2^abs(results_table$logFC) 
  } 
  ggplot(results_table, aes(logFC, -log10(FDR), color=significant)) + 
    geom_point(alpha = 0.5) + 
    scale_colour_manual(name = 'significant', values = setNames(c('red', 
'grey'),c('yes','no'))) + 
    theme_bw() 




volcano_plot(results, fc_treshold, fdr_treshold) 
 
volcano_plot(results, fc_treshold, fdr_treshold, log = TRUE) 
 






sets_name_to_id <- function(gene_sets){ 
  gene_sets_by_id <- lapply(gene_sets, function(x){ 
    gene_ids <- rownames(annotation)[match(geneIds(x), annotation$gene_name)] 
    unique(gene_ids[! is.na(gene_ids)]) 
  }) 
  names(gene_sets_by_id) <- names(gene_sets) 
  gene_sets_by_id 
} 
 
kegg.gs <- sets_name_to_id(kegg.gs) 
 
setres_kegg <- mroast( 
  y=dgGlm, 
  index = ids2indices(kegg.gs, rownames(dgGlm)), 
  design = design, 
  contrast = contrast.matrix[,1], 
  nrot=99999 
) 
 
setres_kegg <- setres_kegg[order(setres_kegg$FDR),] 
 
setres_kegg_camera <- camera( 
  y=dgGlm, 
  index=ids2indices(kegg, rownames(dgGlm)), 
  design=design, 
  contrast=contrast.matrix[,1]) 
setres_kegg_camera <- setres_kegg_camera[order(setres_kegg_camera$FDR),] 
 
barcode_plot <- function(gene_sets, gene_set, input_results){ 
  gene_ids <- rownames(input_results) 
  fold_changes <- sign(input_results$logFC) * 2^abs(input_results$logFC) 
  set_gene_ids <- gene_sets[[gene_set]] 












Appendix 5. Top 50 DE genes for each pair 
comparison 
 
Top 50 DE genes: 0 to 24 hours of encystment 
Gene ID LogFC Product Description 
ACA1_188370 10.0624 hypothetical protein 
ACA1_365840 7.4465 hypothetical protein 
ACA1_309360 6.4747 hypothetical protein 
ACA1_265920 5.3974 hypothetical protein 
ACA1_366590 5.1573 regulator of chromosome condensation (RCC1) repeat domain containing protein 
ACA1_062050 5.0119 chondroitinase B 
ACA1_238120 4.6957 RFX DNAbinding domain containing protein 
ACA1_315750 4.6283 hypothetical protein 
ACA1_158840 4.4655 metal dependent phosphohydrolase 
ACA1_385740 4.2571 hypothetical protein 
ACA1_065450 3.7461 sodium Ptype ATPase 
ACA1_063060 3.0288 Ras family GTP-binding protein YPT1 
ACA1_385350 -2.9259 HMG (high mobility group) box domain containing protein 
ACA1_257540 -3.2669 ribonuclease, T2 family 
ACA1_278160 -3.4047 hypothetical protein 
ACA1_219500 -3.4093 alternative oxidase isoform B, putative 
ACA1_026990 -3.4718 ABC2 type transporter superfamily protein 
ACA1_278150 -3.6130 hypothetical protein 
ACA1_069790 -3.6395 PPOD1 peroxidase 
ACA1_194930 -3.7069 matrix attachment region binding protein 
ACA1_066840 -3.7461 SNF2 domain containing protein 
ACA1_115670 -4.0160 aconitate hydratase, mitochondrial 
ACA1_130840 -4.0244 glycerol-3-phosphate dehydrogenase protein, putative 
ACA1_153690 -4.1068 hypothetical protein 
ACA1_127890 -4.1584 spermidine synthase 
ACA1_269350 -4.1682 phosphoribosylformylglycinamidine synthase 
ACA1_321760 -4.1894 haloacid dehalogenaselike hydrolase domain containing protein 
ACA1_106370 -4.2367 glyoxylate reductase 
ACA1_383580 -4.2995 sulfate adenylyltransferase 
ACA1_048170 -4.3009 hydroxymethylglutarylCoA synthase 
ACA1_186030 -4.4987 hypothetical protein 
ACA1_093320 -4.5122 hypothetical protein 
ACA1_362140 -4.5326 hypothetical protein 
ACA1_356170 -4.5558 hypothetical protein 
ACA1_295280 -4.5789 hypothetical protein 
ACA1_002740 -4.7230 kinesin motor domain containing protein 
ACA1_187750 -4.9225 chorismate mutase subfamily protein 
ACA1_274380 -4.9538 protein kinase domain containing protein 
ACA1_015330 -4.9690 CBS domain containing protein 
ACA1_080050 -5.0751 DNAdirected RNA polymerase, omega subunit 
ACA1_046460 -5.0850 ABC2 type transporter superfamily protein 
ACA1_369120 -5.1743 proliferating cell nuclear antigen, Nterminal domain containing protein 
ACA1_073360 -5.3755 RNA recognition motif domain containing protein 
ACA1_227710 -5.3873 hypothetical protein 
ACA1_214640 -5.4066 cobalaminindependent methionine synthase 
ACA1_172200 -5.4433 hypothetical protein 
 
 197 
ACA1_333720 -5.6512 hypothetical protein 
ACA1_077280 -6.0560 CBS domain containing protein 
ACA1_282980 -7.2319 hypothetical protein 





Top 50 DE genes: 0 to 48 hours of encystment 
Gene ID LogFC Product Description 
ACA1_365350 6.2081 Ubiquitinconjugating enzyme subfamily protein 
ACA1_309360 5.8617 hypothetical protein 
ACA1_158840 5.8241 metal dependent phosphohydrolase 
ACA1_062050 5.4005 chondroitinase B 
ACA1_315750 4.4683 hypothetical protein 
ACA1_146640 4.3133 hypothetical protein 
ACA1_077510 4.2383 hypothetical protein 
ACA1_385740 4.0497 hypothetical protein 
ACA1_143060 4.0128 hypothetical protein 
ACA1_054280 3.8058 hypothetical protein 
ACA1_065450 3.3266 sodium Ptype ATPase 
ACA1_092650 3.2577 GTPase domain containing protein 
ACA1_233440 3.0014 hypothetical protein 
ACA1_189440 2.6447 von Willebrand factor type A domain containing protein 
ACA1_063150 -2.8541 transporter, major facilitator family protein 
ACA1_278160 -2.9012 hypothetical protein 
ACA1_325510 -2.9971 actin bundling protein 
ACA1_278150 -3.0858 hypothetical protein 
ACA1_154680 -3.1978 glutamate synthase, NADH/NADPH, small subunit 
ACA1_048170 -3.3854 hydroxymethylglutarylCoA synthase 
ACA1_194930 -3.4691 matrix attachment region binding protein 
ACA1_172190 -3.5660 formin domain containing protein 
ACA1_115670 -3.5737 aconitate hydratase, mitochondrial 
ACA1_383580 -3.6756 sulfate adenylyltransferase 
ACA1_144890 -3.7459 phosphoenolpyruvate phosphomutase 
ACA1_106370 -3.7616 glyoxylate reductase 
ACA1_130840 -3.8123 glycerol-3-phosphate dehydrogenase protein, putative 
ACA1_144900 -3.8575 phosphoenolpyruvate phosphomutase 
ACA1_385830 -3.9966 Microtubule associated protein (MAP65/ASE1 family) 
ACA1_066840 -4.0982 SNF2 domain containing protein 
ACA1_077280 -4.1058 CBS domain containing protein 
ACA1_046460 -4.1635 ABC2 type transporter superfamily protein 
ACA1_119180 -4.3269 ribonucleosidediphosphate reductase, alpha subunit 
ACA1_002740 -4.4030 kinesin motor domain containing protein 
ACA1_215650 -4.4166 hypothetical protein 
ACA1_172200 -4.5118 hypothetical protein 
ACA1_295280 -4.5231 hypothetical protein 
ACA1_073360 -4.5962 RNA recognition motif domain containing protein 
ACA1_362140 -4.8982 hypothetical protein 
ACA1_080050 -4.9418 DNAdirected RNA polymerase, omega subunit 
ACA1_186030 -5.0510 hypothetical protein 
ACA1_132680 -5.4334 hypothetical protein 
ACA1_071450 -5.5566 glycosyl transferase 
ACA1_227710 -5.7236 hypothetical protein 
ACA1_356170 -5.7677 hypothetical protein 
ACA1_369120 -5.7745 proliferating cell nuclear antigen, Nterminal domain containing protein 
ACA1_274380 -5.9591 protein kinase domain containing protein 
ACA1_387270 -6.5685 hypothetical protein 
ACA1_084830 -6.7496 hypothetical protein 




Top 50 DE genes: 0 to 72 hours of encystment 
Gene ID LogFC Product Description 
ACA1_158980 5.7385 GATA zinc finger domain containing protein 
ACA1_309360 5.5925 hypothetical protein 
ACA1_184250 4.5000 SPFH domain / Band 7 domain containing protein 
ACA1_158840 4.2536 metal dependent phosphohydrolase 
ACA1_315750 4.0099 hypothetical protein 
ACA1_202420 3.8941 hypothetical protein 
ACA1_211500 3.7218 RAB5B protein, putative 
ACA1_062050 3.6245 chondroitinase B 
ACA1_065450 3.5433 sodium Ptype ATPase 
ACA1_385740 3.4346 hypothetical protein 
ACA1_159070 3.4326 mucin, putative 
ACA1_183970 3.4119 hypothetical protein 
ACA1_159080 3.3251 papain family cysteine protease subfamily protein 
ACA1_206040 2.8698 MORN repeat-containing protein 
ACA1_115650 2.7700 hypothetical protein 
ACA1_186700 2.7251 ADPribosylation factor subfamily protein 
ACA1_088960 2.5034 betalactamase 
ACA1_092760 2.4726 hypothetical protein 
ACA1_063060 2.3954 Ras family GTP-binding protein YPT1 
ACA1_382920 2.3016 Ras subfamily protein 
ACA1_263040 -2.0486 kinesin motor domain containing protein 
ACA1_058800 -2.1763 mitochondrial 2oxodicarboxylate carrier 1, putative 
ACA1_036530 -2.2721 transmembrane protein 
ACA1_360600 -2.3029 hypothetical protein 
ACA1_278160 -2.4700 hypothetical protein 
ACA1_278150 -2.5113 hypothetical protein 
ACA1_071650 -2.5596 acetoacetate decarboxylase 
ACA1_076220 -2.8460 CBS domain containing protein 
ACA1_097300 -2.8467 serine/threonine kinase 
ACA1_154680 -2.9556 glutamate synthase, NADH/NADPH, small subunit 
ACA1_175240 -3.0130 Rab32 protein, putative 
ACA1_229500 -3.0614 homeobox domain containing protein 
ACA1_400380 -3.4438 3deoxy-7-phosphoheptulonate synthase 
ACA1_065860 -3.4575 ATPase, AAA domain containing protein 
ACA1_069790 -3.5365 PPOD1 peroxidase 
ACA1_215490 -3.7203 serine/threonine protein kinase 6, putative 
ACA1_099250 -3.7736 hypothetical protein 
ACA1_130840 -3.8171 glycerol-3-phosphate dehydrogenase protein, putative 
ACA1_343310 -4.1617 NADH dehydrogenase, extrinsic, putative 
ACA1_132680 -4.3708 hypothetical protein 
ACA1_192710 -4.8644 ATPase/histidine kinase/DNA gyrase B/HSP90 domain containing protein 
ACA1_285200 -4.8832 transporter, monovalent cation:proton antiporter2 (CPA2) family protein 
ACA1_362140 -5.1430 hypothetical protein 
ACA1_175880 -5.3797 hypothetical protein 
ACA1_275730 -5.7902 phosphoglycerate mutase family domain containing protein 
ACA1_289630 -6.2542 hypothetical protein 
ACA1_377440 -6.3379 hypothetical protein 
ACA1_207480 -6.6747 exported protein, putative 
ACA1_084830 -7.0443 hypothetical protein 




Top 50 DE genes: 24 to 48 hours of encystment 
Gene ID LogFC Product Description 
ACA1_365350 6.2081 Ubiquitinconjugating enzyme subfamily protein 
ACA1_309360 5.8617 hypothetical protein 
ACA1_158840 5.8241 metal dependent phosphohydrolase 
ACA1_062050 5.4005 chondroitinase B 
ACA1_315750 4.4683 hypothetical protein 
ACA1_146640 4.3133 hypothetical protein 
ACA1_077510 4.2383 hypothetical protein 
ACA1_385740 4.0497 hypothetical protein 
ACA1_143060 4.0128 hypothetical protein 
ACA1_054280 3.8058 hypothetical protein 
ACA1_065450 3.3266 sodium Ptype ATPase 
ACA1_092650 3.2577 GTPase domain containing protein 
ACA1_233440 3.0014 hypothetical protein 
ACA1_189440 2.6447 von Willebrand factor type A domain containing protein 
ACA1_063150 -2.8541 transporter, major facilitator family protein 
ACA1_278160 -2.9012 hypothetical protein 
ACA1_325510 -2.9971 actin bundling protein 
ACA1_278150 -3.0858 hypothetical protein 
ACA1_154680 -3.1978 glutamate synthase, NADH/NADPH, small subunit 
ACA1_048170 -3.3854 hydroxymethylglutarylCoA synthase 
ACA1_194930 -3.4691 matrix attachment region binding protein 
ACA1_172190 -3.5660 formin domain containing protein 
ACA1_115670 -3.5737 aconitate hydratase, mitochondrial 
ACA1_383580 -3.6756 sulfate adenylyltransferase 
ACA1_144890 -3.7459 phosphoenolpyruvate phosphomutase 
ACA1_106370 -3.7616 glyoxylate reductase 
ACA1_130840 -3.8123 glycerol-3-phosphate dehydrogenase protein, putative 
ACA1_144900 -3.8575 phosphoenolpyruvate phosphomutase 
ACA1_385830 -3.9966 Microtubule associated protein (MAP65/ASE1 family) 
ACA1_066840 -4.0982 SNF2 domain containing protein 
ACA1_077280 -4.1058 CBS domain containing protein 
ACA1_046460 -4.1635 ABC2 type transporter superfamily protein 
ACA1_119180 -4.3269 ribonucleosidediphosphate reductase, alpha subunit 
ACA1_002740 -4.4030 kinesin motor domain containing protein+A3:C37A3:C42A1A3:CA3:C24 
ACA1_215650 -4.4166 hypothetical protein 
ACA1_172200 -4.5118 hypothetical protein 
ACA1_295280 -4.5231 hypothetical protein 
ACA1_073360 -4.5962 RNA recognition motif domain containing protein 
ACA1_362140 -4.8982 hypothetical protein 
ACA1_080050 -4.9418 DNAdirected RNA polymerase, omega subunit 
ACA1_186030 -5.0510 hypothetical protein 
ACA1_132680 -5.4334 hypothetical protein 
ACA1_071450 -5.5566 glycosyl transferase 
ACA1_227710 -5.7236 hypothetical protein 
ACA1_356170 -5.7677 hypothetical protein 
ACA1_369120 -5.7745 proliferating cell nuclear antigen, Nterminal domain containing protein 
ACA1_274380 -5.9591 protein kinase domain containing protein 
ACA1_387270 -6.5685 hypothetical protein 
ACA1_084830 -6.7496 hypothetical protein 




Top 50 DE genes: 24 to 72 hours of encystment 
Gene ID LogFC Product Description 
ACA1_158980 5.7385 GATA zinc finger domain containing protein 
ACA1_309360 5.5925 hypothetical protein 
ACA1_184250 4.5000 SPFH domain / Band 7 domain containing protein 
ACA1_158840 4.2536 metal dependent phosphohydrolase 
ACA1_315750 4.0099 hypothetical protein 
ACA1_202420 3.8941 hypothetical protein 
ACA1_211500 3.7218 RAB5B protein, putative 
ACA1_062050 3.6245 chondroitinase B 
ACA1_065450 3.5433 sodium Ptype ATPase 
ACA1_385740 3.4346 hypothetical protein 
ACA1_159070 3.4326 mucin, putative 
ACA1_183970 3.4119 hypothetical protein 
ACA1_159080 3.3251 papain family cysteine protease subfamily protein 
ACA1_206040 2.8698 MORN repeat-containing protein 
ACA1_115650 2.7700 hypothetical protein 
ACA1_186700 2.7251 ADPribosylation factor subfamily protein 
ACA1_088960 2.5034 betalactamase 
ACA1_092760 2.4726 hypothetical protein 
ACA1_063060 2.3954 Ras family GTP-binding protein YPT1 
ACA1_382920 2.3016 Ras subfamily protein 
ACA1_263040 -2.0486 kinesin motor domain containing protein 
ACA1_058800 -2.1763 mitochondrial 2oxodicarboxylate carrier 1, putative 
ACA1_036530 -2.2721 transmembrane protein 
ACA1_360600 -2.3029 hypothetical protein 
ACA1_278160 -2.4700 hypothetical protein 
ACA1_278150 -2.5113 hypothetical protein 
ACA1_071650 -2.5596 acetoacetate decarboxylase 
ACA1_076220 -2.8460 CBS domain containing protein 
ACA1_097300 -2.8467 serine/threonine kinase 
ACA1_154680 -2.9556 glutamate synthase, NADH/NADPH, small subunit 
ACA1_175240 -3.0130 Rab32 protein, putative 
ACA1_229500 -3.0614 homeobox domain containing protein 
ACA1_400380 -3.4438 3deoxy-7-phosphoheptulonate synthase 
ACA1_065860 -3.4575 ATPase, AAA domain containing protein 
ACA1_069790 -3.5365 PPOD1 peroxidase 
ACA1_215490 -3.7203 serine/threonine protein kinase 6, putative 
ACA1_099250 -3.7736 hypothetical protein 
ACA1_130840 -3.8171 glycerol-3-phosphate dehydrogenase protein, putative 
ACA1_343310 -4.1617 NADH dehydrogenase, extrinsic, putative 
ACA1_132680 -4.3708 hypothetical protein 
ACA1_192710 -4.8644 ATPase/histidine kinase/DNA gyrase B/HSP90 domain containing protein 
ACA1_285200 -4.8832 transporter, monovalent cation:proton antiporter2 (CPA2) family protein 
ACA1_362140 -5.1430 hypothetical protein 
ACA1_175880 -5.3797 hypothetical protein 
ACA1_275730 -5.7902 phosphoglycerate mutase family domain containing protein 
ACA1_289630 -6.2542 hypothetical protein 
ACA1_377440 -6.3379 hypothetical protein 
ACA1_207480 -6.6747 exported protein, putative 
ACA1_084830 -7.0443 hypothetical protein 




Top 50 DE genes: 48 to 72 hours of encystment 
Gene ID LogFC Product Description 
ACA1_115650 1.4061 hypothetical protein 
ACA1_125420 -1.0907 hypothetical protein 
ACA1_364220 -1.2103 hypothetical protein 
ACA1_391400 -1.2133 hypothetical protein 
ACA1_064210 -1.3228 phospholipase D active site domain containing protein 
ACA1_069480 -1.3413 transporter, major facilitator subfamily protein 
ACA1_315630 -1.4364 oxidoreductase, zincbinding dehydrogenase superfamily protein 
ACA1_064200 -1.4476 PH domain containing protein 
ACA1_057230 -1.4784 Ubox domain containing protein 
ACA1_097300 -1.5070 serine/threonine kinase 
ACA1_290290 -1.5214 PB1 domain containing protein 
ACA1_088730 -1.5297 hypothetical protein 
ACA1_058310 -1.5998 hypothetical protein 
ACA1_362440 -1.6217 hypothetical protein 
ACA1_109730 -1.6586 replication factor rfc1 c terminal domain containing protein 
ACA1_331480 -1.6796 membraneassociated ring finger (C3HC4) 2, putative 
ACA1_267300 -1.7901 inositol polyphosphate phosphatase, putative 
ACA1_377500 -1.7950 peptidase family c78 protein 
ACA1_058040 -1.9587 Mimivirus encoded protein, putative 
ACA1_389310 -2.0482 hypothetical protein 
ACA1_171810 -2.0564 zinc finger, C3HC4 type (RING finger) domain containing protein 
ACA1_351920 -2.0717 von Willebrand factor type A domain containing protein 
ACA1_058110 -2.1023 Mimivirus encoded protein, putative 
ACA1_163480 -2.1152 hypothetical protein 
ACA1_171800 -2.1617 hypothetical protein 
ACA1_057380 -2.2155 Mimivirus encoded protein, putative 
ACA1_099250 -2.2349 hypothetical protein 
ACA1_105910 -2.2416 RFX DNAbinding domain containing protein 
ACA1_171270 -2.3026 hypothetical protein 
ACA1_078640 -2.3578 Bbox zinc finger domain containing protein 
ACA1_372060 -2.3604 oxidoreductase 
ACA1_098680 -2.3842 transporter, major intrinsic protein (MIP) superfamily protein 
ACA1_031590 -2.4225 hypothetical protein 
ACA1_110450 -2.4817 glutamine synthetase 
ACA1_057330 -2.5201 Hypothetical protein 
ACA1_224050 -2.5362 hypothetical protein 
ACA1_088220 -2.6784 PQQ enzyme repeat domain containing protein 
ACA1_031580 -2.6812 hypothetical protein 
ACA1_136090 -2.7057 hypothetical protein 
ACA1_365350 -2.7188 Ubiquitinconjugating enzyme subfamily protein 
ACA1_088450 -2.7739 hypothetical protein 
ACA1_246840 -2.9084 hypothetical protein 
ACA1_171260 -2.9541 hypothetical protein 
ACA1_206740 -2.9671 hypothetical protein 
ACA1_232440 -3.1502 transporter, major facilitator subfamily protein 
ACA1_206510 -3.1927 hypothetical protein 
ACA1_155580 -3.2257 chitin synthase 
ACA1_365840 -3.5736 hypothetical protein 
ACA1_384080 -3.6207 PLAC8 family protein 




Appendix 6. DE pathways from 0 to 24 h comparison 
Metabolic Pathway  NGenes PropDown PropUp Direction PValue FDR 
Synthesis and degradation of ketone bodies 6 0.000 0.833 Up 1.00E-05 5.67E-05 
Sulfur metabolism 10 0.200 0.800 Up 1.00E-05 5.67E-05 
Biosynthesis of amino acids 76 0.145 0.763 Up 1.00E-05 5.67E-05 
Spliceosome 93 0.108 0.699 Up 1.00E-05 5.67E-05 
Pyrimidine metabolism 63 0.238 0.635 Up 1.00E-05 5.67E-05 
RNA transport 137 0.248 0.584 Up 1.00E-05 5.67E-05 
Purine metabolism 94 0.245 0.564 Up 1.00E-05 5.67E-05 
RNA polymerase 26 0.231 0.538 Up 1.00E-05 5.67E-05 
Glutathione metabolism 34 0.176 0.471 Up 1.00E-05 5.67E-05 
Lysine biosynthesis 10 0.000 1.000 Up 2.00E-05 9.00E-05 
Ribosome biogenesis in eukaryotes 69 0.101 0.870 Up 2.00E-05 9.00E-05 
Phenylalanine, tyrosine and tryptophan biosynthesis 18 0.056 0.722 Up 2.00E-05 9.00E-05 
Cysteine and methionine metabolism 38 0.211 0.658 Up 2.00E-05 9.00E-05 
Biosynthesis of secondary metabolites 293 0.208 0.645 Up 2.00E-05 9.00E-05 
Porphyrin and chlorophyll metabolism 18 0.222 0.611 Up 2.00E-05 9.00E-05 
RNA degradation 55 0.200 0.545 Up 2.00E-05 9.00E-05 
Nitrogen metabolism 11 0.455 0.545 Up 2.00E-05 9.00E-05 
Citrate cycle (TCA cycle) 30 0.033 0.933 Up 3.00E-05 0.0001109 
DNA replication 36 0.139 0.833 Up 3.00E-05 0.0001109 
acan01130 Biosynthesis of antibiotics 187 0.203 0.701 Up 3.00E-05 0.0001109 
acan00900 Terpenoid backbone biosynthesis 21 0.190 0.619 Up 3.00E-05 0.0001109 
acan00062 Fatty acid elongation 15 0.133 0.600 Up 3.00E-05 0.0001109 
acan01100 Metabolic pathways 724 0.301 0.519 Up 3.00E-05 0.0001109 
acan00450 Selenocompound metabolism 11 0.182 0.727 Up 4.00E-05 0.0001488 
acan00440 Phosphonate and phosphinate metabolism 12 0.083 0.667 Up 5.00E-05 0.0001765 
acan00190 Oxidative phosphorylation 52 0.192 0.654 Up 5.00E-05 0.0001765 
acan00650 Butanoate metabolism 10 0.100 0.800 Up 7.00E-05 0.000221 
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acan00600 Sphingolipid metabolism 20 0.350 0.650 Up 7.00E-05 0.000221 
acan00592 alpha-Linolenic acid metabolism 20 0.550 0.250 Down 7.00E-05 0.000221 
acan00730 Thiamine metabolism 11 0.091 0.545 Up 7.00E-05 0.000221 
acan03430 Mismatch repair 24 0.083 0.792 Up 8.00E-05 0.0002391 
acan00970 Aminoacyl-tRNA biosynthesis 40 0.200 0.675 Up 8.00E-05 0.0002391 
acan04144 Endocytosis 136 0.625 0.154 Down 9.00E-05 0.0002627 
acan02010 ABC transporters 15 0.067 0.533 Up 0.00011 0.000315 
acan00310 Lysine degradation 28 0.250 0.571 Up 0.00012 0.0003351 
acan00670 One carbon pool by folate 10 0.200 0.800 Up 0.00013 0.0003542 
acan01210 2-Oxocarboxylic acid metabolism 25 0.160 0.600 Up 0.00014 0.0003722 
acan00030 Pentose phosphate pathway 16 0.125 0.750 Up 0.00017 0.0004429 
acan01212 Fatty acid metabolism 40 0.325 0.475 Up 0.00018 0.0004577 
acan01200 Carbon metabolism 87 0.161 0.701 Up 0.00019 0.0004602 
acan00630 Glyoxylate and dicarboxylate metabolism 30 0.167 0.700 Up 0.00019 0.0004602 
acan00563 Glycosylphosphatidylinositol(GPI)-anchor biosynthesis 25 0.680 0.000 Down 0.00022 0.0005221 
acan03420 Nucleotide excision repair 37 0.243 0.514 Up 0.00023 0.0005337 
acan03010 Ribosome 96 0.083 0.865 Up 0.00024 0.0005448 
acan00770 Pantothenate and CoA biosynthesis 10 0.500 0.200 Down 0.00029 0.000646 
acan00640 Propanoate metabolism 21 0.190 0.619 Up 3.00E-04 0.0006541 
acan00785 Lipoic acid metabolism 2 0.000 1.000 Up 0.00045 0.0009657 
acan01040 Biosynthesis of unsaturated fatty acids 24 0.375 0.500 Up 0.00056 0.0011794 
acan03410 Base excision repair 43 0.186 0.488 Up 6.00E-04 0.0012386 
acan00790 Folate biosynthesis 25 0.280 0.560 Up 0.00063 0.001275 
acan00130 Ubiquinone and other terpenoid-quinone biosynthesis 3 0.000 1.000 Up 0.00065 0.00129 
acan00330 Arginine and proline metabolism 25 0.280 0.440 Up 0.00092 0.0017948 
acan00562 Inositol phosphate metabolism 59 0.525 0.169 Down 0.00103 0.001938 
acan00250 Alanine, aspartate and glutamate metabolism 34 0.324 0.500 Up 0.00104 0.001938 
acan00620 Pyruvate metabolism 34 0.176 0.676 Up 0.00105 0.001938 
acan03015 mRNA surveillance pathway 55 0.182 0.545 Up 0.00127 0.0022422 
acan00071 Fatty acid degradation 30 0.500 0.267 Down 0.00127 0.0022422 
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acan00350 Tyrosine metabolism 16 0.125 0.563 Up 0.00128 0.0022422 
acan00531 Glycosaminoglycan degradation 10 0.600 0.100 Down 0.00132 0.0022734 
acan00511 Other glycan degradation 8 0.750 0.125 Down 0.00141 0.0023885 
acan00460 Cyanoamino acid metabolism 11 0.091 0.727 Up 0.00149 0.0024831 
acan00603 Glycosphingolipid biosynthesis - globo series 7 0.571 0.429 Down 0.00186 0.0030518 
acan00100 Steroid biosynthesis 29 0.310 0.552 Up 0.00222 0.0035314 
acan00260 Glycine, serine and threonine metabolism 29 0.345 0.655 Up 0.00225 0.0035314 
acan00360 Phenylalanine metabolism 14 0.143 0.571 Up 0.00226 0.0035314 
acan00430 Taurine and hypotaurine metabolism 8 0.375 0.375 Down 0.00229 0.0035314 
acan00564 Glycerophospholipid metabolism 72 0.278 0.417 Up 0.0024 0.0036461 
acan00010 Glycolysis / Gluconeogenesis 35 0.314 0.600 Up 0.00265 0.0039675 
acan04070 Phosphatidylinositol signaling system 79 0.430 0.228 Down 0.00302 0.004457 
acan00740 Riboflavin metabolism 5 0.400 0.400 Up 0.00309 0.0044953 
acan03450 Non-homologous end-joining 8 0.375 0.375 Up 0.00325 0.0046618 
acan00500 Starch and sucrose metabolism 29 0.310 0.586 Up 0.00344 0.0048663 
acan00410 beta-Alanine metabolism 21 0.571 0.333 Down 0.00419 0.0058475 
acan00380 Tryptophan metabolism 26 0.308 0.538 Up 0.00484 0.0066645 
acan00750 Vitamin B6 metabolism 5 0.600 0.200 Down 0.00621 0.0084388 
acan04120 Ubiquitin mediated proteolysis 97 0.505 0.216 Down 0.00729 0.0097772 
acan00040 Pentose and glucuronate interconversions 13 0.615 0.385 Down 0.00898 0.011889 
acan00232 Caffeine metabolism 5 0.200 0.400 Up 0.0108 0.0141165 
acan04146 Peroxisome 79 0.418 0.367 Down 0.01111 0.0143381 
acan04145 Phagosome 91 0.484 0.308 Down 0.01485 0.0187315 
acan00561 Glycerolipid metabolism 47 0.340 0.298 Down 0.01488 0.0187315 
acan00290 Valine, leucine and isoleucine biosynthesis 3 0.667 0.333 Down 0.01648 0.0204933 
acan00340 Histidine metabolism 19 0.526 0.316 Down 0.01881 0.0231098 
acan00510 N-Glycan biosynthesis 28 0.464 0.250 Down 0.02039 0.024558 
acan03440 Homologous recombination 31 0.194 0.516 Up 0.02047 0.024558 
acan00280 Valine, leucine and isoleucine degradation 34 0.412 0.412 Up 0.02404 0.0282962 
acan00471 D-Glutamine and D-glutamate metabolism 3 0.333 0.333 Down 0.02414 0.0282962 
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acan00780 Biotin metabolism 3 0.667 0.333 Down 0.03294 0.0381747 
acan03060 Protein export 18 0.222 0.500 Up 0.04633 0.0530916 
acan03050 Proteasome 33 0.030 0.818 Up 0.04734 0.0536463 
acan00760 Nicotinate and nicotinamide metabolism 15 0.467 0.400 Down 0.05198 0.0582577 
acan00061 Fatty acid biosynthesis 10 0.400 0.500 Up 0.05354 0.059354 
acan00051 Fructose and mannose metabolism 19 0.526 0.368 Down 0.05762 0.0631906 
acan04141 Protein processing in endoplasmic reticulum 91 0.418 0.396 Up 0.09095 0.098685 
acan03022 Basal transcription factors 24 0.208 0.208 Up 0.10552 0.1132898 
acan00052 Galactose metabolism 18 0.389 0.556 Up 0.11862 0.1260284 
acan00565 Ether lipid metabolism 32 0.313 0.375 Up 0.12772 0.1342982 
acan04130 SNARE interactions in vesicular transport 30 0.367 0.233 Down 0.1754 0.182554 
acan00590 Arachidonic acid metabolism 18 0.389 0.333 Down 0.23516 0.2422809 
acan00520 Amino sugar and nucleotide sugar metabolism 34 0.412 0.412 Down 0.40469 0.4127787 
acan04122 Sulfur relay system 7 0.429 0.429 Down 0.5954 0.60129 





Appendix 7. List of enzymes reported from 
AmoebaDB and the DE results during the first 24 
hours of encystment 
The results are records found when searching for the following words: cellulases, 
lipases, amylases, proteases and lysozymes. The table includes the gene_ID and 
product description from AmoebaDB. They also include the LogFC and FDR for the 
comparison between 0 and 24 hours. The cells with a LogFC above 2 are marked in 
red. 
Cellulases    0vs24 hours 
Gene ID Product Description LogFC FDR 
ACA1_251790 cellulase (glycosyl hydrolase family 5) subfamily protein -0.010 0.953 
ACA1_384790 cellulase (glycosyl hydrolase family 5) subfamily protein 0.708 0.001 
ACA1_206090 cellulase 1.389 0.000 
ACA1_206200 Cellulase 1.389 0.000 
ACA1_370220 cellulase (glycosyl hydrolase family 5) subfamily protein -2.662 0.000 
ACA1_206340 cellulase (glycosyl hydrolase family 5) subfamily protein 1.985 0.007 
ACA1_063240 cellulase (glycosyl hydrolase family 5) subfamily protein -0.531 0.009 
ACA1_133010 cellulase (glycosyl hydrolase family 5) subfamily protein 0.790 0.006 
ACA1_087300 cellulase, putative -0.042 0.924 
ACA1_163320 cellulase (glycosyl hydrolase family 5) subfamily protein 0.507 0.034 
ACA1_309350 cellulase (glycosyl hydrolase family 5) subfamily protein -0.003 0.987 
ACA1_364610 cellulase (glycosyl hydrolase family 5) subfamily protein 0.157 0.313 
ACA1_244360 cellulase (glycosyl hydrolase family 5) subfamily protein -3.015 0.012 
ACA1_149090 betamannosidase 1.975 0.000 
ACA1_364400 hypothetical protein -1.143 0.000 
ACA1_033490 glycoside hydrolase family protein -1.684 0.000 
ACA1_140950 multifunctional cellulase -2.880 0.001 
Amylases     
Gene ID Product Description LogFC FDR 
ACA1_074160 alpha amylase -0.964 0.000 
ACA1_295390 acidstable alpha-amylase 0.354 0.049 
ACA1_165530 alpha amylase, catalytic subfamily protein 1.036 0.000 
ACA1_391360 alpha amylase, putative 0.555 0.002 
ACA1_400390 alpha amylase, catalytic subfamily protein -0.060 0.763 
ACA1_013390 glucan (1,4alpha-), branching enzyme 1, putative -2.457 0.000 
ACA1_254850 trehalose synthase -0.289 0.053 
Lipases     
Gene ID Product Description LogFC FDR 
ACA1_326860 lipase -0.935 0.000 
ACA1_291890 lipase 1.817 0.000 
ACA1_295850 lipase 0.445 0.064 
ACA1_175630 lipase 1.280 0.010 
ACA1_069860 lipase 0.075 0.703 
ACA1_384090 GDSLlike lipase/acylhydrolase domain containing protein -0.188 0.376 
ACA1_226740 GDSL family lipase/acylhydrolase domain containing protein -0.281 0.122 
ACA1_277840 lipase -2.706 0.000 
ACA1_339020 class 3 lipase 1.646 0.000 
ACA1_116640 Lipase -0.498 0.002 
ACA1_201460 lipase -0.095 0.646 
ACA1_208460 abhydrolase associated lipase -0.200 0.266 
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ACA1_059830 lipase 0.149 0.440 
ACA1_060160 lipase -1.281 0.000 
ACA1_062000 lipase -1.677 0.018 
ACA1_062220 lipase, putative -2.440 0.012 
ACA1_062420 lipase -1.328 0.103 
ACA1_366510 lipase 0.555 0.001 
ACA1_366890 lipase 0.499 0.111 
ACA1_372580 lipase A precursor family protein 1.289 0.000 
ACA1_256800 ab-hydrolase associated lipase region protein 2.176 0.000 
ACA1_261060 lipase, putative 0.254 0.641 
ACA1_145710 lipase -0.876 0.000 
ACA1_294900 cytohesin 2, putative 0.441 0.005 
ACA1_019190 lipase/esterase, putative 0.366 0.010 
ACA1_143690 transmembrane protein 2.943 0.000 
ACA1_068240 endo-1,4-beta-glucanase, putative -0.344 0.077 
ACA1_357610 RasGEF domain containing protein 0.667 0.008 
ACA1_253120 acyloxyacyl hydrolase -1.144 0.000 
ACA1_254720 GDSL-lilke lipase/acylhydrolase family protein -0.283 0.270 
ACA1_158780 hypothetical protein -0.016 0.928 
ACA1_384400 GDSLlike lipase/acylhydrolase domain containing protein 1.872 0.001 
ACA1_277520 triacylglycerol lipase 0.189 0.281 
ACA1_279590 hypothetical protein 0.178 0.491 
ACA1_280270 Phospholipase 0.780 0.001 
ACA1_113860 acyloxyacyl hydrolase -0.489 0.000 
ACA1_057010 dihydrofolate reductase 4.208 0.000 
ACA1_028690 hydrolase, alpha/beta fold domain containing protein 1.834 0.000 
ACA1_031640 hydrolase, alpha/beta fold domain containing protein -0.239 0.104 
ACA1_078900 unspecified product 0.441 0.016 
ACA1_377540 triacylglycerol lipase 0.639 0.000 
ACA1_212240 esterase/lipase (), putative 0.247 0.090 
ACA1_380910 phospholipase a2, putative -0.282 0.055 
ACA1_374470 esterase/lipase/thioesterase family protein -0.175 0.535 
ACA1_256920 triacylglycerol lipase 2.842 0.000 
ACA1_387610 unspecified product 0.785 0.000 
Lysozyme     
Gene ID Product Description LogFC FDR 
ACA1_062600 Ctype lysozyme/alpha-lactalbumin superfamily protein 0.066 0.685 
ACA1_069730 Lysozyme, putative -0.673 0.000 
ACA1_187480 hypothetical protein -1.094 0.001 
ACA1_215950 hypothetical protein 1.162 0.000 
Proteases     
Gene ID Product Description LogFC FDR 
ACA1_018960 papain family cysteine protease subfamily protein -0.698 0.000 
ACA1_291590 Kazaltype serine protease inhibitor domain containing protein 1.386 0.032 
ACA1_291610 Kazaltype serine protease inhibitor domain containing protein 3.542 0.000 
ACA1_294930 Ulp1 protease family, Cterminal catalytic domain containing protein -0.524 0.002 
ACA1_295790 ubiquitin specific protease, putative -0.872 0.000 
ACA1_110420 CAAX amino terminal protease family protein 0.581 0.000 
ACA1_173890 ubiquitinspecific protease -0.929 0.000 
ACA1_173980 OTU family cysteine protease 0.416 0.005 
ACA1_176020 CAAX amino terminal protease family protein 0.801 0.000 
ACA1_056670 cathepsin Llike cysteine protease 4.208 0.000 
ACA1_085940 protease -0.513 0.008 
ACA1_153630 OTUlike cysteine protease family protein 0.643 0.001 
ACA1_074920 OTUlike cysteine protease 1.419 0.000 
ACA1_082960 ubiquitin specific protease 22 family protein -1.073 0.082 
ACA1_069520 ubiquitin specific protease 54 family protein 0.943 0.000 
 
 209 
ACA1_253090 Ulp1 protease family, Cterminal catalytic domain containing protein 0.160 0.460 
ACA1_255370 CAAX prenyl protease 2, putative -1.044 0.001 
ACA1_255720 eukaryotic aspartyl protease superfamily protein -0.704 0.000 
ACA1_159080 papain family cysteine protease subfamily protein 3.451 0.000 
ACA1_022680 papain family cysteine protease subfamily protein 1.017 0.001 
ACA1_046850 OTU family cysteine protease 0.502 0.303 
ACA1_079690 papain family cysteine protease subfamily protein 0.418 0.556 
ACA1_183400 ATPdependent protease HslVU, peptidase subunit -0.484 0.001 
ACA1_277940 cysteine protease 5, putative 0.925 0.000 
ACA1_098800 ubiquitin specific protease 44 isoform 2, putative -0.166 0.264 
ACA1_184700 calpain family cysteine protease domain containing protein 0.308 0.035 
ACA1_198270 papain family cysteine protease subfamily protein -5.029 0.001 
ACA1_198340 papain family cysteine protease subfamily protein -0.454 0.002 
ACA1_267130 OTU family cysteine protease 0.844 0.000 
ACA1_270350 papain family cysteine protease containing protein 0.482 0.002 
ACA1_236100 OTUlike cysteine protease protein 0.910 0.000 
ACA1_236310 calpain family cysteine protease domain containing protein -0.369 0.113 
ACA1_151240 OTU family cysteine protease -0.205 0.160 
ACA1_138380 cathepsin Llike cysteine protease 6.260 0.000 
ACA1_056940 cysteine protease 4.208 0.000 
ACA1_060040 papain family cysteine protease -0.249 0.635 
ACA1_062700 Ulp1 protease family, Cterminal catalytic domain containing protein 0.126 0.544 
ACA1_066290 papain family cysteine protease subfamily protein -0.336 0.290 
ACA1_304310 cysteine protease -0.601 0.015 
ACA1_383490 ATPdependent protease La, putative -0.291 0.041 
ACA1_192370 OTUlike cysteine protease domain containing protein -0.364 0.017 
ACA1_322170 papain family cysteine protease subfamily protein -1.617 0.124 
ACA1_244110 cysteine protease -0.559 0.041 
ACA1_301120 OTUlike cysteine protease 0.239 0.097 
ACA1_190280 ubiquitin-specific protease, putative 0.226 0.336 
ACA1_145750 Kazaltype serine protease inhibitor domain containing protein -0.264 0.322 
ACA1_288610 serpin (serine proteinase inhibitor) superfamily protein 1.043 0.000 
ACA1_290220 ubiquitin carboxyl-terminal hydrolase 1.053 0.000 
ACA1_290560 carboxypeptidase A3, putative -0.490 0.001 
ACA1_291510 Ubiquitin carboxylterminal hydrolase 15, putative 0.228 0.133 
ACA1_291710 zinc metalloproteinase STE24, putative -0.094 0.638 
ACA1_293860 ubiquitin specific peptidase 16, putative 0.170 0.268 
ACA1_296310 cysteine proteinase precursor, putative -0.025 0.876 
ACA1_296830 peptidase C19 family protein -0.541 0.002 
ACA1_110330 ubiquitin carboxyl-terminal hydrolase 0.856 0.000 
ACA1_321400 encystationmediating serine proteinase 7.185 0.000 
ACA1_170770 ubiquitin specific protease 39 and snrnp assembly factor, putative -0.013 0.940 
ACA1_173660 aspartic proteinase -1.095 0.000 
ACA1_322370 cathepsin L 2 precursor, putative 0.583 0.000 
ACA1_169550 ubiquitin carboxyl-terminal hydrolase 0.946 0.026 
ACA1_169560 ubiquitin interaction motif domain containing protein 0.753 0.011 
ACA1_169590 ubiquitin interaction motif domain containing protein 0.648 0.025 
ACA1_272730 Ubiquitin carboxylterminal hydrolase -1.056 0.000 
ACA1_074760 signalosome complex protein 0.246 0.094 
ACA1_068540 Prokumamolisin, activation domain containing protein -2.119 0.000 
ACA1_072170 poly(A)specific ribonuclease subunit protein, putative 0.060 0.727 
ACA1_072350 ubiquitin carboxyl-terminal hydrolase 0.562 0.000 
ACA1_072480 hypothetical protein 0.213 0.345 
ACA1_073080 26S proteasome regulatory complex subunit RPN11, putative -0.569 0.001 
ACA1_142300 
eukaryotic translation initiation factor 3, subunit 3 gamma, 40kDa 
isoform 1, putative -0.674 0.000 
ACA1_251780 serpin (serine proteinase inhibitor) superfamily protein -1.462 0.010 
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ACA1_157220 Prokumamolisin, activation domain containing protein -1.301 0.000 
ACA1_157540 Prokumamolisin, activation domain containing protein -0.641 0.000 
ACA1_022730 cathepsin Blike cysteine proteinase 0.462 0.190 
ACA1_337290 serpin (serine proteinase inhibitor) superfamily protein -0.153 0.767 
ACA1_181520 cathepsin L, putative 0.079 0.760 
ACA1_184160 26S protease regulatory subunit 6B family protein -0.354 0.026 
ACA1_184170 pathogenesisrelated protein PR-6 type, putative -1.971 0.028 
ACA1_184420 cathepsin Llike proteinase -0.695 0.000 
ACA1_277480 DegPtype protease -0.304 0.038 
ACA1_277790 protease, serine, 16 (thymus), putative -0.247 0.094 
ACA1_278460 alkaline serine protease -1.005 0.000 
ACA1_280300 protein kinase domain containing protein 0.022 0.910 
ACA1_280510 hypothetical protein 0.164 0.304 
ACA1_280570 Znfinger in Ran binding protein and others domain containing protein 0.491 0.001 
ACA1_054220 MHCK/EF2 kinase domain containing protein -2.261 0.000 
ACA1_054320 PremRNA processing splicing factor 8, putative -0.422 0.008 
ACA1_317670 cathepsin L, putative 0.497 0.122 
ACA1_030090 unspecified product -1.710 0.000 
ACA1_113780 COP9 signalosome subunit 6, putative -0.022 0.893 
ACA1_115390 cysteine proteinase 3.915 0.000 
ACA1_197600 BRCA1/BRCA2containing complex subunit 3, putative 0.163 0.374 
ACA1_198450 hypothetical protein 0.916 0.000 
ACA1_200110 Prokumamolisin, activation domain containing protein -1.244 0.000 
ACA1_264710 
membranebound transcription factor protease, site 1 isoform 1, 
putative 0.268 0.061 
ACA1_266750 ubiquitin domain containing protein -0.001 0.994 
ACA1_269700 peptidase C56, PfpI, putative -0.082 0.604 
ACA1_336430 cysteine protease, putative 0.948 0.000 
ACA1_232670 BAH domain containing protein -0.004 0.980 
ACA1_234230 peptidase, S8/S53 subfamily protein -0.137 0.738 
ACA1_234340 Ubiquitin carboxylterminal hydrolase domain containing protein 0.736 0.000 
ACA1_040710 ATP-dependent metallopeptidase HflB subfamily protein -1.056 0.000 
ACA1_154200 Prokumamolisin, activation domain containing protein -0.679 0.000 
ACA1_155530 Cathepsin L precursor (Cysteine proteinase 1), putative -0.842 0.011 
ACA1_045340 26S proteasome regulatory subunit -1.432 0.000 
ACA1_314970 ubiquitin carboxylterminal hydrolase 9, putative 0.522 0.002 
ACA1_119850 unspecified product -0.574 0.012 
ACA1_371700 Ubiquitin carboxylterminal hydrolase -0.110 0.483 
ACA1_372220 deubiquinating enzyme, putative 0.651 0.081 
ACA1_208480 hypothetical protein 1.146 0.000 
ACA1_057260 unspecified product -2.628 0.000 
ACA1_057280 peptidase, S8/S53 subfamily protein 0.519 0.033 
ACA1_057490 zinc carboxypeptidase superfamily protein -0.123 0.434 
ACA1_061150 UBA/TSN domain containing protein 0.651 0.000 
ACA1_061760 Serine protease precursor, putative -0.930 0.000 
ACA1_065810 serpin (serine proteinase inhibitor) superfamily protein -1.084 0.006 
ACA1_128830 encystationmediating serine proteinase 3.136 0.000 
ACA1_382620 serpin (serine proteinase inhibitor) superfamily protein -0.389 0.012 
ACA1_087440 cysteine proteinase -2.183 0.000 
ACA1_087710 ICElike protease (caspase) p20 domain containing protein 0.550 0.186 
ACA1_087870 Tripeptidylpeptidase 1, putative -1.118 0.000 
ACA1_348950 ubiquitin domain containing protein 0.361 0.011 
ACA1_203510 ubiquitin carboxylterminal hydrolase 22, putative -0.108 0.748 
ACA1_178540 Ubiquitin carboxylterminal hydrolase 0.067 0.697 
ACA1_222700 peptidase S8 and S53 subtilisin kexin sedolisin, putative 0.993 0.000 
ACA1_223330 peptidase S8 and S53 subtilisin kexin sedolisin, putative 0.013 0.941 
ACA1_321740 Prokumamolisin, activation domain containing protein -0.670 0.000 
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ACA1_164210 hypothetical protein 0.335 0.020 
ACA1_164780 ubiquitin domain containing protein 0.668 0.000 
ACA1_164830 unspecified product 4.460 0.000 
ACA1_341090 26S protease regulatory subunit 6a, putative -0.285 0.062 
ACA1_276790 zinc finger, C3HC4 type (RING finger) domain containing protein -0.714 0.000 
ACA1_216430 ubiquitin specific peptidase 38, putative 0.684 0.000 
ACA1_220180 hypothetical protein -0.295 0.037 
ACA1_051490 Cysteine proteinase 5, putative 3.463 0.000 
ACA1_391460 Ubiquitin carboxylterminal hydrolase 0.168 0.268 
ACA1_125110 cysteine proteinase -6.755 0.001 
ACA1_077970 Prokumamolisin, activation domain containing protein 0.011 0.951 
ACA1_107270 ATPdependent metallopeptidase HflB subfamily protein -0.474 0.001 
ACA1_365390 ubiquitin domain containing protein 0.567 0.000 
ACA1_037710 unspecified product -0.213 0.143 
ACA1_038220 ubiquitin carboxyl-terminal hydrolase 0.586 0.001 
ACA1_024230 subtilisin, putative 0.732 0.000 
ACA1_020120 Prokumamolisin, activation domain containing protein 0.195 0.301 
ACA1_244100 papain family cysteine protease subfamily protein -1.600 0.008 
ACA1_244230 cathepsin L, putative -0.401 0.005 
ACA1_100430 
IMP2 inner mitochondrial membrane protease family isoform 2, 
putative -0.494 0.029 
ACA1_096350 cystatin, putative -0.477 0.002 
ACA1_096600 CUE domain containing protein -1.102 0.000 
ACA1_098100 serpin -1.270 0.179 
ACA1_098270 Prokumamolisin, activation domain containing protein 0.821 0.004 
ACA1_329660 putative ubiquitin carboxylterminal hydrolase 11, putative 0.238 0.102 
ACA1_101480 Prokumamolisin, activation domain containing protein -0.434 0.023 
ACA1_101540 ubiquitin carboxyl-terminal hydrolase 0.788 0.000 
ACA1_399750 Carboxypeptidase A1, putative 0.263 0.066 
ACA1_273880 encystationmediating serine proteinase -0.645 0.001 
ACA1_257970 Endoprotease FURIN, putative 0.273 0.231 
ACA1_136150 26S proteasome nonATPase regulatory subunit 7, putative -0.535 0.001 
ACA1_387910 peptidase, S8/S53 subfamily protein -0.454 0.001 
ACA1_317520 cysteine protease atg4a, putative -0.677 0.049 
ACA1_337990 intracellular protease, PfpI family protein 0.657 0.000 
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